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ABSTRACT

Methods of controlling equipment temperature rise in airborne compart-
ments at supersonic flight speed are investigated. Design and performance
data for expanded ram air cooling sytems and various types of fuel-cooled
equipment cases are presented for steady-state thermal operation. Other
methods of controlling temperature rise are analyzed for transient thermal
performance and design procedures for their applications are developed.
Calculation methods are given in detail. Design procedures are illustra-
ted by examples. The performance characteristics of the following methods
are investigated (1) insulation of equipment compartment walls without
cooling, (2) insulation of individual equipment items, (3) fuel-jacketing
of eouipment compartments, (4) cooling of the compartment atmosphere by means
of a central fuel-cooled heat exchanger, (5) cooling of individual equipment
items by installation on a fuel-cooled plate, and (6) cooling of individital
equipment items by evaporation of an expendable coolant. Methods of analysis
and criteria for the selection of specific means for the control of tempera-
ture rise are emmhasized. The large number of variables by which each prac-
tical situation would be defined does not permit a concise description of the
optimum range of conditions for the aprlication of each method.

The security classification of the title of this report is UNCLASSIFIED.

PUBLICATION REVIEW

The publication of this report does not constitute approval by
the Air Force of the findingq or the conclusions contained therein. It is
p•blished only for the exchange and stimulation of ideas.
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INTRODUCTION

This report is concerned with the presentation of the information de-
iveloped in an investigation with the general objective of studying methods
of cooling airborne equipment, but specifically intended to produce data on
methods for controlling the temperature rise of electronic and mechanical
control equipment components in ramjet installations. Therefore, only
Sections I and II are concerned with analyses assuming steady-state thermal
operation, while Sections III through XI and Appendix III on fuel tempera-
ture rise in flight are concerned with methods of analysis and results
obtained in the study of transient thermal operation. The latter approach
'has been chosen because when operating under constant environmental condi-
tions conducive to high heat gain, few equipments would reach thermal
equilibrium in less than two hours, which has been oonsidered as a reason-
-ably long operating time for the specified applications under consideration,
The reductions in size and weight of insulation or cooling apparatus,
,realized by designing for specified terminal temperatures to be reached in
the transient state, rather than to be maintained in the steady state under
terminal environmental conditions, are substantial, as indicated repeatedly
in this report.

It has been the intention in preparing this report to :present in
each section a phase of study as a self-contained unit since the variety of
Aspects covered in the report has not been found to lend itself readily to
joint summarization. Therefore, the summary presented in each section after
'the introductory remarks is intended to provide an indication of the analyses,
"data, conclusions, design procedures, etc. contained in that particular sec-
tion. Throughout the report methods of analysis, calculations and design are
emphasized since it is intended to provide the necessary information that
would enable the reader to cope with qpecific problems of similar nature in
which all variables are defined. Because of the large number of variables
and their possible combinations few unconditional recommendations are pre-
sented. Instead an attempt is made to develop in each section the necessary
criteria for the selection of each means of limiting equipment temperature
rise, as summarized in Section XI.

Section I is concerned with the analysis, performance and design of
expanded ram air systems for compartment or heat exchanger cooling by means
of atmospheric air reduced in temperature by expansion through a turbine
operating under load. Off-design performance of such systems is not analyzed
but indications of size, weight and most practical ranges of design operating
conditions are given on the basis of steady-state performance. Section II
deals with the evaluation of various heat exchanger configurations, as
applied to equipment cases cooled by fuel flow to the power plant. The per-
formance of the heat exchangers is analyzed in terms of steady-state operation,
but can be interpreted on the basis of a constant temperature difference
between the fuel coolant and the internal equipment atmosphere which may cause
the equipment temperature to vary with the fuel temperature, while the rate of
heat generation within the equipment case would remain constant. Sections I
and II need not be studied for an understanding of the subsequent sections.

WADC-TR 53-114 1
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Sections III through XI are interrelated in that they are all concerned
with non-steady state analysis and methods of controlling temperature rise,
taking into account thermal capacity of equipment and compartment, with and
without heat generation. In Section III a general system for transient
analysis of installation compartments is developed which takes into consi-
deration most possible variables. Section IV contains a study on skin tem-
perature rise which indicates the basis for simplifying assumptions made in
the subsequent sections. Sections IV through X deal with specific character-
istics of the various methods suggested as applicable to the control of
equipment temperature rise. In these sections, in particular, procedures
of analysis, calculation and design should be noted since they are general
and can be applied readily to fully defined situations. As mentioned pre-
viously, Section XI summarizes the criteria for the selection of methods in
specific situations, based on the preceding seven sections, and is intended
to outline a design approacb.

This report does not present a specific recommendation for every situa-
tion that may be encountered when an attempt is made to control the tempera-
ture rise of equipment components at high flight speed. However, it is
believed to fulfill two functions. First, it demonstrates the feasibility
of temperature rise limitation by simple means for relatively long flight
times and severe environmental conditions. Second, it provides calculation
methods for analysis and design which can be utilized without undue effort
to the solution of specific problems.

WADC-TR 53-114 2
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SECTION I

GENERAL PERFORMANCE AND PHYSICAL CHARACTERISTICS OF EXPANDED
RAM AIR SYSTEMS

By M. L. Smith and R. H. Zimmerman

Utilization of atmospheric air as a thermal sink for direct cooling of
aircraft auxiliaries, .i.e. by air taken aboard an aircraft and passed directly
over or through the equipments to be cooled, is limited by flight speed of the
aircraft. The temperature of the air once aboard the aircraft is equal to or
exceeds the desirable operating temperature level for most aircraft auxiliar-
ies whenever the flight Mach number is in excess of the range 1.0 to 1.5.
From a practical viewpoint, this type of direct cooling is limited to air-
craft designed for flight in the subsonic range, since for flight in the
supersonic range, even when the temperature of the ram cooling air does not
exceed the desired temperature level of the equipment, the quantity of cool-
ing air required becomes excessive as a result of the small temperature differ-
ential available for transfer of heat from the surfaces being cooled to the
air.

Practical utilization of atmospheric air for cooling of auxiliaries in
aircraft operating in the supersonic region requires, therefore, some means
for reducing the temperature of the air once it is aboard the aircraft. An
air cycle refrigeration system capable of accomplishing this purpose, which
is mechanically relatively simple and does not require a separate high pres-
sure air source for operation, such as, for example, bleed air from a turbo-
jet engine compressor, is the expanded ram air system. This system depends
solely on ram air for its operation and consists of five basic components.
They are: 1) ram intake, 2) expander, 3) heat exchanger,, 4) compressor and
5) exhaust.

Atmospheric air is taken aboard the aircraft through a ram intake and
ducted directly to the expander component of the cycle. The ram intake must
also serve as a means for pressure increase of the air, so that it may sub-
sequently be expanded in the cycle. Hence, the intake component must be
designed as an efficient diffuser, increasing the total pressure of the air
at discharge of the diffuser as nearly as possible to the total pressure of
the air in the free stream ahead of the intake. The intake component could
be separate from other intakes serving the aircraft, but more logically would
be designed as an integral part of any primary intake supplying atmospheric
air to a power plant.

The expander component of the system produces the refrigeration effect by
expanding the air to permit extraction of mechanical work and, thereby, reduc-
tion of the temperature of the air. This component would logically be a
steady-flow turbine of the axial or radial type. The temperature drop of the
air while passing through the turbine is a function of the air temperature at
entrance to the turbine, the pressure drop of the air across the turbine and
the efficiency of the turbine. Load for the turbine is provided by the com-
pressor component.
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The heat sink for the auxiliaries being cooled is the heat exchanger
located between the turbine and compressor. The cooled air leaving the
turbine passes directly through a heat exchanger which serves all equipments
being cooled. Sometimes, it may be practical to pass the refrigerated air
directly over or through one or several equipments within an installation
compartment. Then, the heat exchanger component of the system becomes the
heat transfer surfaces of the equipment items, and no intermediate heat
exchanger would be employed. Otherwise, the heat exchanger in the expanded
ram air system provides an intermediate heat transfer process when the refrig-
erated air would cool a circulating fluid pumped through the exchanger, and
the circulating fluid so cooled would be used to cool the various equipments.
Evaluation to determine the suitability of the expanded ram air system for
cooling equipment items in high-speed aircraft or missiles may be conducted
without detailed regard to the heat transfer processes required of the circu-
lating fluid.

The compressor component, which logically would be an axial or radial
steady-flow compressor, is directly coupled to the turbine, and serves the
dual purpose of providing a load for the turbine and of increasing the pres-
sure of the air before being discharged back to the atmosphere. The air,
after being heated in the heat exchanger component, is ducted directly to the
intake of the compressor. Upon discharge from the compressor, the air is
ducted to the exhaust component of the system. This component would dis-
charge the air from the aircraft parallel to the direction of flight when the
drag imposed by the system on the aircraft is to be minimized. Otherwise, it
might be discharged through a flush opening in the aircraft's skin normal to
the direction of flight or into another compartment of the airframe.

For aircraft designed to operate at supersonic speed, it is entirely
possible that a thermal sink is carried by the aircraft which is at a tempera-
ture above or nearly equal to the desired operating temperatures of the equip-
ments, but at a temperature lower than that of air taken aboard the aircraft.
Thus,, the thermal sink would not be available for direct cooling of the equip-
ments. Also, since the thermal sink might be the fuel for the power plants or
some other liquid carried specifically for cooling purposes, it may not always
be feasible to employ direct, liquid cooling of the equipments even if the
liquid temperature level is sufficiently low for direct cooling. The thermal
sink would be best utilized, therefore, by precooling the air used by the
expanded ram air system before it enters the turbine component of the cycle.
A heat exchanger placed in the air duct between the intake and the turbine
would be employed for precooling the air. By this addition, the expanded ram
air system provides greater refrigeration effect, and would be applicable for
cooling of auxiliaries in aircraft operating at much higher flight speeds than
for the expanded ram system without a precooler.

This section is concerned with a study of several expanded ram air systems,
with and without precooling of the air,, to determine the suitability of this
type of system for cooling auxiliaries in high-speed aircraft and missiles.
Component sizes and weights are evaluated for various cooling capacities and
operational conditions of the aircraft. A heat exchanger, rather than an
equipment, is used in the study as the component by which the heat is rejected
to the cooling air. The average temperature of the heat exchange surfaces
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within the exchanger is varied in the range 140 to WO0F. Flight altitude
and speed for the study are 40,000 to 80,000 feet and Mach 1.5 to 3.0,
respectively.

SUMMARY

General performance and physical characteristics for the expanded ram
air system are presented. The heat exchange component is assumed to be a
tubular heat exchanger with the refrigerated air flowing through the tubes.
Both radial and axial turbines and compressors are considered and external
dimensions of the units are presented.

The expanded ram air system appears as a practical means for cooling
aircraft equipments when 1) the desired temperature level for the equipments
is in the range of 200 to 5000F, 2) a source of air at a pressure above the
ram air pressure, such as bleed air from the mechanical compressor of a
turbojet engine, is not available, 3) the design flight speed is within the
Mach number range 1.0 to 2.5, 4) the design flight altitude is below 80,000
feet, 5) the design flight time is about 1.5 hours or greater, 6) an effic-
ient ram air intake can be provided, 7) the total cooling load is 750 watts
or greater and 8) the relative location of the various equipments to be
cooled is such that the expanded ram air system can be designed as a central
cooling system.

Systems employing radial turbines and axial compressors are superior in
overall performance and size to those employing any other combination of
axial and radial turbines and compressors. A system having an axial turbine
and axial compressor has only slightly less bulk than one with a radial
turbine and axial compressor. Any system employing a radial (entrifugal)
compressor has considerably more bulk, whether the companion turbine is
radial or axial.

The bulk of a heat exchanger, radial turbine and axial compressor com-
bination is on the order of 1/4 cubic foot per kilowatt cooling capacity
within the range of operational and flight conditions for which the system
is best suited. Similarly, the bulk of a heat exchanger, axial turbine and
radial compressor amounts to about 1/3 cubic foot per kilowatt cooling
capacity. For the former combination, the bulk would be nearly evenly dis-
tributed between the three components. For the average application, the
bulk of an entire system would be on the order of 1/2 cubic foot per kilo-
watt cooling capacity, excluding the bulk of transfer lines and other
auxiliary equipment associated with the heat transfer process between the
surfaces of the equipments to be cooled and the heat exchanger in the
expanded ram air system.

The weight of expanded ram air systems designed to operate within the
range of operational and flight conditions for which they are best suited
would be on the order of 15 to 25 pounds per kilowatt cooling capacity,
depending upon the distance to intake and exhaust from the turbine, heat
exchanger and compressor combination.
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Use of a precooling heat exchanger ahead of the turbine for reduction
of the air temperature before expansion of the air through the turbine is an
effective means for extending the operation of the system to high flight
speed. The precooler is applicable only when a coolant is available which
is not suitable for direct cooling of the equipments and is at a temperature
below the temperature of the ram air. Precooling in an expanded ram air
system should be considered as an auxiliary or secondary method of providing
additional cooling capacity or extending the permissible operational range.

DESCRIPTION OF SYSTEMS AND EVALUATION METHODS

1. System Designs

A variety of designs for an expanded ram air system is possible by
employing various types of components. Since, however, details of all pos-
sible system designs could not be evaluated, it was necessary to select as
a basis for study several designs which are representative and include all
basic system components. Two basic system designs selected for study are
illustrated schematically in Figures I-1 and 1-2. The design shown in Figure
I-1 is an expanded ram air system having an axial-flow turbine and a radial-
flow compressor. The design shown in Figure 1-2 is a expanded ram air system
having a precooling heat exchanger, a radial-flow turbine and an axial-flow
compressor and turbine and the system with and without precooling are inclu-
ded in the study.

With reference to Figure I-1, station 0-0 defines the state of the
atmospheric air ahead of the aircraft where the pressure and temperature are
defined by the flight altitude. Station A-A represents the discharge plene
of the diffuser where both pressure and temperature of the air are appreci-
ably above those for the ambient atmosphere defined by station 0-0. The
state of the air at entrance to the turbine is defined at station B-B. Total
temperature at B-B would always be very nearly equal to that at station A-A,
but the total pressure at B-B is always less than at A-A because of frictional
resistance to flow imposed by the duct length. Conditions at discharge of
the turbine are defined by station C-C, where both pressure and temperature
are appreciably below those at station B-B. Station C'-C' defines the state
of the air in the inlet planes of the tubes within the heat exchanger. The
total temperature at C'-Ct equals that at discharge of the turbine but the
total pressure here has been decreased to a slight extent because of loss in
the inlet header of the heat exchangers.

The total temperature of the air during passage through the heat
exchanger is increased due to rejection of heat by the coolant flowing in
crosaflow over the external surfaces of the tubes. The total pressure of
the air at discharge of the heat exchanger, station D'-D', is lower than at
entrance to the exchanger as the result of frictional and momentum change
effects occurring during flow through the tubes. Station D-D defines the
state of the air at entrance to the centrifugal compression. The compressor
for the system is designed for maximum air capacity in order to minimize its
size for any specified cooling capacity of the system. The state of the air
at discharge of the compressor is defined by station E-E, at entrance to the
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b•xbaustnoZýIe F-F, -At' the exit plane of nozzle G-G and in the final region
,of discharge by H-H. Only convergent exhaust nozzles are considered. Thus,
in some instances the pressure in the exit plane, station G-G, exceeds the
back pressure on the nozzle, station H-H. The pressure in the discharge
region, station H-H, would be higher than the ambient atmospheric pressure,
station 0-0 in many installations.

Figure 1-2 illustrates schematically an expanded ram air system employ-
ing a radial-flow turbine and an axial-flow compressor. Also shown in this
schematic is the location of the precooling heat exchanger when employed as
a part of the system. The various stations located throughout the system
define states of the cooling air corresponding to those previously defined
for the system shown in Figure I-1, with the exception of stations A'-A' and
B'-B' which define the state of the air at inlet and exit of the precooling
heat exchanger, respectively.

2. Evaluation Methods

Methods used for analyzing the performance and physical character-
istics of expanded ram air systems are presented in the Appendix to this
section. The analytical methods are based on conventional one-dimensional
theory for steady compressible flow. Losses and inefficiencies for the
various components have been included in the analysis by applying correction
factors to ideal changes of state. The interrelation of heat transfer and
fluid friction for the heat exchanger component is handled in a rational pro-
cedure by considering the exchangers of tubular construction and the air used
by the expanded ram system as flowing through the tubes. Evaluation of pres-
sure loss due to this component for any specified cooling capacity is based
on compressible flow theory. Procedures of evaluation and working charts
used to determine results presented in this section are included in the
Appendix to this section.

PHYSICAL CHARACTERISTICS AND PERFORMANCE OF SYSTEMS

Numerous expanded ram air systems were designed and evaluated to deter-
mine how their physical characteristics and performance would be affected by
operational conditions and design requirements. Size of the heat exchanger,
turbine and compressor components were determined and are shown in the plots
subsequently presented. The weight of the heat exchanger component is also
given. Weights of the turbine and compressor components are not presented,
but may be defined by comparing the required size of the units with those of
existingtarbines and compressors.

General results presented fcr the system with axial turbine shown in
Figure I-1 are based on turbine design for 70 per cent peak efficiency,
nozzle discharge angle of 20 degrees and a pitch-line velocity of the tur-
bine buckets equal to 45 per cent of the theoretical spouting velocity. The
theoretical spouting velocity of the turbine represents a measure of the
energy released by the air within the turbine, and a pitch-line velocity of
the buckets equal to roughly 45 per cent of the velocity insures designs
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operating at or near the peak efficiency. The selection of 70 per cent for
the peak efficiency of the turbine is based on a study of peak efficiencies
for small radial and axial turbines where it was found that, although higher
peak efficiencies are sometimes attained, the value of 70 per cent defines a
conservative average value which can be attained for most units without undue
design effort and resulting excessive weight or bulk. Somewhat greater re-
frigeration capacity is obtained with a peak efficiency of 75 per cent, but
this increase is found to have only a minor effect upon the required sizes
of the system components. The selection of a design nozzle angle for the
turbine of 20 degrees represents a compromise between weight and peak
efficiency for the unit. Increasing the nozzle angle increases the air hand-'
ling capacity of the turbine, thereby decreasing the required size for any
required air rate, but lowers the peak efficiency. The product of the mechan-
ical efficiencies for the turbine and compressor has been assumed equal to 90
per cent, representing mechanical losses of approximately 5 per cent of the
turbine output for both turbine and compressor.

The mechanical efficiencies of the turbine and compressor do not affect
overall system performances to any appreciable extent. A low mechanical
efficiency reduces the power available for compression of the air, which in
turn affects the exhaust velocity and correspondingly the drag, but does not
influence the primary components or the cooling capacity of the system.
Similarly, high operating efficiency for the compressor would not be con-
sidered of principal importance to the system performance, since an increase
would be beneficial only from the standpoint of drag imposed on the aircraft
by the system. As a matter of fact, reduction in the desired efficiency level
of the compressor would permit some reduction in the required size of the,
unit and may result in a net practical advantage for the application of the
system, even though drag is increased. Centrifugal compressors having impel-
lers of 12-inch diameter are assumed to have a peak efficiency of 70 per cent,
and 2-inch impellers about 60 per cent. The peak efficiency is arbitrarily
assumed to vary linearly with size ofthe impeller within this range.

The efficiency of the diffuser is assumed to vary with the flight Mach
number, being 90, 80 and 70 per cent for flight Mach numbers of 1.0, 2.0 and
3.0, respectively. A study of performance of supersonic diffusers is used as
the basis for selection of this variation.

Maximum compactness and heat exchange capacity for the primary heat
exchanger of the system is obtained by use of tubes having small diameter.
A tube diameter of 0.20 inches is selected for use with all systems designed
and evaluated. The total pressure loss of the air from discharge of the
diffuser to entrance of the turbine is assumed equal to 2 per cent of the
total pressure of the air developed by the diffuser, except when a precooling
heat exchanger is used. Similarly, the total pressure loss of the air from
discharge of the compressor to entrance of the exhaust nozzle is assumed equal
to 2 per cent of the total pressure of the air at discharge of the compressor.
Discharge pressure at exhaust, station H-H in Figure I-1, is assumed to be
equal to the ambient atmospheric pressure, station 0-0.

Radial turbines employed in systems illustrated in Figure 1-2 are assumed

to have a peak efficiency of 70 per cent for a ratio of the tip speed of the
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wheel to the theoretical spouting velocity of 0.60. Axial compressors are

designed on the basis of the rotor tip Mach number equal to unity and the

relative flow velocity of the air over the tip section of the blades corres.
ponding to a flow Mach number of 0.80. When precooling of the ram air is

used, the precooling heat exchanger is assumed to have an effectiveness of
0.80.

1. Nomenclature

Nomenclature used in Figures 1-3 through 1-22 is summarized below
for ready reference and identification of the various variables. A complete
list of nomenclature used for analysis and evaluation of this system is given
in the Appendix to this section.

Ao flight altitude, ft.

dCA external diameter of axial compressor, psi.

dCC external diameter of centrifugal compressor, in.

dTA external diameter of axial turbine, in.

dTR external diameter of radial turbine, in.

dx diameter of heat exchanger, in.

M Mach number, dimensionless

qc cooling capacity of system, watts

TV average surface temperature of heat exchanger, OR.

AT temperature difference of surface of heat exchanger and air
at discharge..of turbine, *F.

Wx weight of heat exchanger, lb.

x length of heat exchanger, in.

ratio of absolute pressure of air to 14.7 psi abs.,

dimensionless.

adiabatic efficiency of turbine, dimensionless.

0- effectiveness of heat exchanger, dimensionless.

2. Effect of Cooling Capacity on System Requirements

The cooling capacity of sjexpanded ram air system designed to oper-
ate under specified flight and environmental conditions would vary in direct

WADC-TR 53-114 11
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proportion with the air rate Tandied by the system. Since tie flow cross-
sectional areas required to handle the airflow vary in direct proportion to
the air rate,. other design conditions being equal, it would be expected that
diametrical dimensions of the system's components increase very nearly in
proportion to the square root of the cooling capacity of the system.

Results of one study to determine the effect of cooling capacity on
system size are presented in Figure 1-3. The system employs an axial-flow
turbine and a centrifugal compressor., and has the general arrangement of that
illustrated schematically in Figure I-1. Flight conditions are for an alti-
tude of 80,000 feet and a Mach number of 2.0. The average temperature of the
tube surface in the heat exchanger is 240OF, indicating that the various
equipment items being cooled would be maintained at surface temperatures in
the range of 300 to 450*F. The heat exchanger for the system is designed
for an effectiveness of 0.50 and a total pressure loss of 10 per cent of the
total pressure at entrance to the exchanger.

Variation of the external diameters of the turbine, heat exchanger and
compressor is, for all practical purposes, in proportion to the square root
of the cooling capacity. The spatial requirements of the turbine, heat
exchanger and compressor amount to roughly 1/3 cubic foot per kilowatt cool-
ing capacity.

An entire expanded ram air system would occupy roughly 1/2 cubic foot
per kilowatt cooling, not including the intake and exhaust components. The
centrifugal compressor accounts for nearly 35 per cent of the total space
required, the axial turbine about 20 per cent, the heat exchanger about 15
per cent, and interconnecting ducts, distribution components and extra
required space about 30 per cent. Systems designed to operate at maximum
altitudes below 80,000 feet would have considerably reduced spatial require-
ment. For example, at 40,000 feet altitude the turbine, compressor and heat
exchanger diameters would be 40 to 50 per cent of the values shown in Figure
1-3. Systems designed for lower maximum flight Mach numbers would not
require as much cooling air, but the air density throughout the system would
be lower, so that possible reduction in design size with decreased maximum
flight speed is not as great as with decrease in design altitude.- The heat
exchanger configurations for the system designs illustrated in Figure 1-3
are "doughnut" shaped, having length-to-diameter ratios ranging from 0.33 to
0.70, thereby permitting compact arrangement of the compressor with the tur-
bine.

The weight of the heat exchanger component for various system designs is
shown in Figure 1-4.

Weight of the heat exchanger is evaluated on the basis that it would be
constructed of aluminum having tubes of 0.2 inch inside diameter and 0.015
inch wall thickness. It is assumed that the cross-sectional area of the
exchanger is twice the cross-sectional flow area of the tubes, the outer
shell to be of 30 gage aluminum, and that two tube sheets and one tube
support, 0.0625 inch in thickness, would be used.

The weight of the heat exchanger is very nearly in direct proportion to

the cooling capacity of the system. Minimum weight of the exchanger occurs
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for systems designed for low flight altitude and speed and relatively low
heat exchange effectiveness. Exchangers designed for high effectiveness have
reduced cross-sectional area and greater length, but the required increase in
length always creates a weight increase greater than the reduction due to the
smaller cross-section. The weight of the heat exchanger is minimized by
design for low effectiveness, Cof 0.3 or less. However, design for low
effectiveness of the heat exchanger increases the required cooling air rate
and, thereby, increases the required size of all other components of the
system. Minimum size for the entire system is obtained, therefore, by design
of the heat exchanger for high effectiveness which generally would be in the
range of 0.80 to 0.95.

The increase in exchangerweight for systems designed to operate at higher
flight speeds is due to the increased temperature of the air at entrance to
the heat exchanger. Consequently, less heat can be dissipated in the exchanger
per pound of air flowing per second and the air rate for the system must be
increased. The weight of all components of the system increases with design
for higher flight speed. A comparison is shown in Figure I-4 for two systems
designed on a comparable basis, except for the pressure loss across the heat
exchanger, being 10 per cent or 25 per cent for 80,000 feet altitude. The
weight of the heat exchanger is approximately the same for both designs. The
greater pressure loss permits design of the heat exchanger for higher flow
velocity, but also increases the back pressure on the turbine which increases
the air rate required to meet the required cooling capacity.

3. Effect of Heat Exchanger Surface Temperature and Turbine
Discharge Temperature on System Requirements

The average surface temperature of the heat exchanger Tw is used as
an index to the desired temperature of the equipments to be cooled. The
difference of the average temperature Ta and the total temperature of the
cooling air at entrance to the heat exchanger Tc is represented by AT, a
temperature parameter useful for interpretationof the heat exchanger design.
Combination of the temperature Tw and the temperature difference AT also
defines the required temperature of the cooling air at discharge of the
turbine. The effect of average surface Tw and the temperature difference AT
on the diameters of the heat exchanger, turbine and compressor for the system
shown in Figure I-1 is given in Figures 1-5, 1-6 and 1-7, respectively. The
cooling capacity of the system is 1000 watts and the flight condition is an
altitude of 80,000 feet and a Mach number of 2.0. The lines of constant tem-
perature differential AT shown in these plots are limited on the right by the
condition that the combination of the average surface temperature Tw and the
temperature differential AT defines a temperature of the air at discharge of
the turbine equal to the total temperature of the air ahead of the turbine,
i.e. the ram temperature. Thus, at this condition and for higher surface
temperatures the turbine component of the system is not required and the
simple ram air system is more than adequate for meeting the cooling require-
ments. The curves of constant temperature differential AT are limited on the
left in Figures 1-5, 1-6 and 1-7 by the condition when the total pressure at
discharge of the turbine equals the atmospheric pressure. This limit is
arbitrarily defined, since pressures below atmospheric at exit of the turbine
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could be employed with many designs, but the increase in cooling capacity

resulting from additional expansion of the air would hardly compensate for
the increased component size due to the lowered air density throughout the
turbine, heat exchanger, compressor and exhaust components.

The effect of the design temperature differential AT on component size

is not great. Design for large values of the temperature differential

requires greater expansion of the air by the turbine so that the average

density level of the cooling air is lowered. This effect in combination

with the reduced cooling air rate required with increased temperature differ-

ential results in but small change in the component size, except when the

temperature differential is quite smali. The latter condition is of no

appreciable importance to evaluation of the system. When the temperature
level of the equipments to be cooled is in the range 400° to 500°F, neces-

sitating an average surface temperature for the heat exchanger of about 350"

to 375°F, 8100 to 835 0R, the optimum temperature differential AT is in the
range 1500 to 200OF; say, for example, 175 0F. Thus, the temperature at dis-
charge of the turbine would be about 6500 R, and since the ram temperature for
the specified flight condition is about 7100 R, the required temperature drop
of the air across the turbine is about 60 0F. The pressure ratio of the cool-
ing air across the turbine would be about 1.6 to 1 while the total pressure
ratio developed during diffusion is nearly 5.3. Hence, maximum refrigeration
of the air is not always desirable. Equipments requiring temperature levels
maintained at about 200°F would necessitate an average surface of the heat
exchanger in the range of 1000 to 1500F, i.e. Tw from 560 to 610°R. For
this temperature range the expanded ram air system should produce as large
a refrigeration effect as is practically feasible. The optimum temperature
differential is about 750F, requiring the turbine discharge temperature to
be roughly 50°F. The turbine expansion ratio required to produce this
refrigeration effect is very nearly equal to that produced by the diffusion
process of the intake, as may be noted by the dashed line shown in Figures
1-5, I-6, 1-7.

Size of the components is principally a function of the desired tem-
perature level, defined by the average surface temperature Tw, the effec-
tiveness of heat exchange and the flight altitude and speed. Two representa-
tive values of the average surface temperature Tw required for the usual
types of cooling problems are 625°R and 8250 R. For the specified flight
conditions of 80,000 feet altitude and a Mach number of 2.0, and an effective.
ness of 0.5, the required radial dimensions of the heat exchanger, axial
turbine and centrifugal compressor would be 7 inches, 8 inches and 12 inches,
respectively, for an average surface temperature of 625*R, and 3 inches, 4
inches and 5 inches, respectively, for an average surface temperature of
825*R. If the effectiveness of the heat exchanger would be increased to
0.9, the radial dimensions of the exchanger, axial turbine and centrifugal
compressor for an average surface temperature of 825OR would be reduced to
roughly 2.5 inches, 3.25 inches and 4 inches, respectively.

The axial length of the heat exchanger required for an effectiveness of
0.50, as affected by the average surface temperature of the heat exchanger
and the turbine discharge temperature is illustrated in Figure 1-8. The
required length is 6 to 6.5 inches for turbulent flow and from about 4 to 6
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inches for laminar flow. A crossplot to illustrate the effect of the temper-
ature difference AT on the required size of the radial compressor is shown
in Figure 1-9. The external diameter of the compressor is not greatly affected
by the magnitude of the operating temperature differential AT.

4. Effect of Design Altitude and Flight Speed on Component Size

The influence of design altitude and flight speed on the size of the
heat exchanger, axial turbine and centrifugal compressor components for
various average surface temperatures of the heat exchanger is shown in
Figures I-10, I-11 and 1-12. Design dimensions for altitudes of 40,000 and
80,000 feet and flight Mach numbers of 1.5, 2.0, 2.5 and 3.0 are presented.
Component sizespresented in these plots correspond to their minimum values,
obtained by taking envelopes of the curves such as shown in Figure 1-5, 1-6,
Radial dimensions of the three components vary about as the square root of
the ambient air density. The ratio of air density at 80,000 feet to that at
40,000 feet is about 0.15, so that component sizes for design at 4.0,000 feet
are very nearly 40 per cent of those required for a design altitude of
80,000 feet. The effect of design flight speed on component size is
appreciable at flight Mach numbers above about 2.0. The radial dimensions
increase roughly 75 per cent for typical designs when the design flight Mach
number is increased from 2.5 to 3.0. The components are relatively small in

-size for design Mach numbers below 2.0'and design altitudes below about
60,000 feet. Increasing the design heat exchanger effectiveness from 0.5 to
0.9 would reduce the radial dimensions for the three components by about 25
per cent. Thus, for an expanded ram air system having an axial turbine,
radial compressor and heat exchanger having an effectiveness of 0.90, the
radial dimensions of these three components required for a system designed
to produce 1000 watts cooling at a flight Mach number of 2.0, an altitude of
80,000 feet and an average surface temperature of the heat exchanger of 700*R
would be about 4.3 inches, 5.9 inches and 3.7 inches, respectively. It would
appear that weight and spatial requirements of this type system required for
a cooling capacity greater than about 1500 watts are excessive when the
design operational condition is for flight Mach numbers of 2.5 and higher at
altitudes above about 60,000 feet. Required component size appears reason-
able for systems applied to aircraft operating at Mach numbers below 2.5 and
altitudes in the range from sea level to 60,000 feet.

The influence of design altitude on component sizes for the system shown
in Figure I-1 is presented in Figure 1-13 for flight Mach numbers of 2.0 and
3.0. Increase in component size required at higher altitude is due entirely
to reduced density level of the cooling air. The large component sizes required
for high altitude and high flight Mach number are apparent from this plot.
Component sizes required for various values of the average surface temperature
of the heat exchanger are shown in Figure I-114. The turbine design is controlled
to provide a constant discharge temperature of 5000R. Thus with constant turbine
discharge temperature, the degree of expansion of the air through the turbine
remains constant and the resulting air density at entrance to the heat exchanger
is constant. For the specified cooling capacity of 500 watts, as the inlet
temperature differential AT increases, due to higher surface temperature, a
reduced flov rate is required and the radial dimensions required for the
various components decrease.
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5. Comparison of Axial and Radial Turbines and Compressors

The expanded ram air system could employ a radial or axial turbine
for the expansiton component in the cycle and, likewise, could employ a radial
or axial compressor for the compression component. Physical characteristics
of expanded ram air systems presented throughout the preceding discussion have
been for the system shown in Figure I-1, which employs an axial turbine and a
radial compressor. This section considers the system shown in Figure 1-2,
which employs a radial turbine and an axial compressor, as well as the rela-
tive merits of axial versus radial units.

For expanded ram air systems, the axial compressor is superior to the
radial compressor because of its greater air flow capacity per unit frontal
area and higher rotational speeds. These two features permit reduction of not
only the weight and space of the compressor component, but also of the turbine
component, whether for a radial or axial turbine. Axial compressor design
employed for the expanded ram air system favors air flow capacity over effic-
iency and pressure producing ability. In other words, the axial compressors are
not designed to attain maximum efficiency or produce the greatest increase in
air pressure, rather the emphasis is placed on design for small size and weight.
Design of this type results in an increased drag on the aircraft created by the
cooling air, but a reduced drag due to the lowered weight of the cooling system.
Depending upon the type of aircraft and its operational conditions, a net re-
duction in drag would be expected with most systems when the axial compressor
is employed.

The differences in performance and physical characteristics for radial
and axial turbines are not as pronounced as for the axial and radial compres-
sors. The radial turbine is somewhat larger than an axial unit, when operating
with the same type compressor, but has the important advantages of somewhat
higher efficiency and better rotor proportions, particularly when the required
size is small. From an overall viewpoint, it appears that expanded ram air
systems employing radial turbines and axial compressors are superior to those
having axial turbines and radial compressors.

A comparison of the external diameters for axial and eetrifugal com-
pressors is presented in Figure 1-15. The comparison is shown for a range of
values for the average surface temperature of the heat exchanger, altitudes of
400,000 and 80,000 feet, and flight Mach numbers of 1.5, 2.0 and 3.0. The cen-
trifugal compressor is driven by an axial turbine, as illustrated in Figure
I-1, and the axial compressor by a radial turbine, Figure 1-2. For comparable
operational conditions of the system, the external diameter of the axial com-
pressor is from 40 to 50 per cent of that required of the centrifugal compressor.
The length of an axial compressor for an expanded ram air system would be some-
what greater but comparable to that of a centrifugal compressor. Thus, the
spatial requirements are greatly reduced,as would be the weight. Savings in
weight, and space of a system employing an axial compressor in favor of the
centrifugal unit are greatest at high flight Mach number and low average sur-
face temperature of the heat exchanger.

Relative size of axial and radial turbines are shown in Figure 1-16 for
various values of the average surface temperature of the heat exchanger, flight
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Mach number and flight altitude. The radial turbine drivew an axial com-

pressor, Figure 1-2, and the axial turbine drives a radial compressor,

Figure I-1. Differences in size are not great for operational conditions

of low altitude, say below 60,000 feet, and flight Mach number below about

2.0. In this range the external diameter for the axial turbine is from 60

to 70 per cent of that required for the radial turbine. Under operational

conditions of high altitude and high flight Mach number, above 2.5, the dif-

ference in required external diameter becomes appreciable.

The size of either type turbine is greatly affected by the type com-

pressor used for the turbine's load. This is illustrated in Figure 1-17,

where the required external diameter of an axial turbine is presented as a

function of the average surface temperature of the heat exchanger for both

centrifugal and axial compressors. The turbine is considerably smaller when

driving an axial compressor, chiefly because of the higher rotational speed

permitted with this arrangement. For example, at an average surface tempera-

ture of 640lR and flight conditions of 80,000 feet and a Mach number of 2.0,

the turbine's external diameter when driving an axial compressor is about

50 per cent of that required when driving a centrifugal compressor. The dif-

ference is somewhat less for lower flight altitudes and Mach numbers and for

high equipment temperatures, but, in general, is sufficiently great to indicate

the superiority of the axial-type compressor for the expanded ram air system.

The relative size of radial and axial turbines when driving axial compressors

may be compared by Figures 1-16 and 1-17. On the average, the external

diameter of the radial turbine is 15 to 30 per cent greater than for the axial

turbine. Operational conditions of high equipment temperature and low flight

altitude results in very small difference between the diameters required for

axial and radial turbines.

For flight conditions corresponding to an altitude of 80,000 feet and

a Mach number of 2.0, the spatial requirement of an expanded ram air system
having an average heat exchanger surface temperature of about 200OF and a

radial turbine and axial compressor is about 1/4 cubic foot per kilowatt
cooling capacity, not including intake or exhaust components. This amounts
to roughly 75 per cent of the bulk required for systems employing axial

turbines and radial compressors. The bulk of a system having a radial tur-

bine and an axial compressor would be fairly evenly distributed between the

turbine, heat exchanger and compresser.

6. Influence of Effectiveness and Pressure Loss of Heat Exchanger
on Component Size

An increase in the design effectiveness of the heat eqchanger reduces
in direct proportion the amount of cooling air required for any specified
cooling capacity of the system. This reduction in air rate decreases the
required size of all system components, except the heat exchanger. Should
the weight and bulk of the heat eschanger represent a small percentage of the
system weight and bulk, it would be desirable to employ heat exchangers having
high effectiveness. Normally this is the situation for the expanded ram air
system. Figure 1-18 presents for the system described in Figure I-1 the
variation of component dimensions and heat exchanger weight as a function of
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the design effectiveness. The diameters of the turbine and compressor
decrease appreciably with increasing effectiveness. For a specified air
pressure loss across the heat exchanger, the diameter of the heat exchanger
is a minimum at an effectiveness of about 0.70. A minimum value for this
dimension is reached since an increase in effectiveness reduces the required
air rate but also reduces the permissible flow-Mach number at inlet of the
tubes in order that the pressure loss across the heat exchanger remains con-
stant. The volume and weight of the heat exchanger always increase with
increasing effectiveness. Detailed study of expanded ram air systems to
determine the design effectiveness for the heat exchanger resulting in min-
imum overall drag imposed on an aircraft has not been conducted. However, on
basis of the available data it should be condluded that the optimum effective-
ness lies in the range 0.80 to 0.95 for most expanded ram air systems.

For systems employing axial comprssors and radial turbines, as illus-
trated in Figure 1-2, the design effectiveness of the heat exchanger influen-
ces the component size in a manner similar to that for systems employing axial
turbines and radial compressors, Figure I-1. This is illustrated in Figure
1-19 where the external diameters of an axial compressor, radial turbine,
axial turbine and the heat exchanger are presented for effectiveness of the
heat exchanger from 0.30 to 0.90.

The influence of total pressure loss across the heat exchanger on
component size is presented in Figure 1-20 for typical operational conditions
of an expanded ram air system. An increase in the total pressure loss, i.e.
lower values of the pressure ratio C/IS as shown in the plot, increases
the permissible flow Mach number attie i&let to the heat exchanger and,
thereby, reduces the required size and weight of the heat exchanger. Exter-
nal diameters of the compressor and turbine increase with increased pressure
loss due to the reduced air density at inlet to the compressor. The compres-
sor size must be increased to mcommodate the same air flow, but this results
in a lover rotational speed for the compressor and, consequently, larger
required size of the turbine. A pressure loss across the heat exchanger of
about 10 per cent appears to be a practical design value. When the bulk and
weight of the heat exchanger represent an important part of the system bulk
and weight, and the-drag imposed upon the aircraft is critical, it would be
desirable to conduct fairly extensive performance analysis of the system to
define an optimum value for the pressure loss of the heat exchanger.

Typical values of the duct diameter required to transport the cool-
ing air from the intake of the system to the turbine are shown in Figure 1-21.
The duct diameter would vary in proportion to the square root of the cooling
capacity of the system, other operational conditions remaining the same. For
example, a duct of roughly 1.25-inch diameter would be required for a cooling
capacity of 1000 watts and a duct length of five feet at a flight speed of
Mach 2.0 and 60,000 feet altitude.

7. Influence of Precoollng on System Cooling Capacity

The potential for increasing the cooling capacity of an expanded ram
air system by use of a heat exchanger ahead of the turbine is presented in
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Irigure 1-22. The graph presents values of the turbine discharge tempera-
ture which could be obtained for various amounts of cooling in the precooling
heat exchanger. The temperature of the precoolant and the effectiveness of
the heat exchanger are assumed to be 600OR and 0.80, respectively. Also, it
is assumed that the turbine discharge pressure is atmospheric and the turbine
has an efficiency of 70 per cent. The total pressure ratio of the air from
discharge of the diffuser to inlet of the turbine is 0.91 accounting for
pressure loss of the ducting and the heat exchangers. It is unlikely that
precoolant temperatures much less than 600*R would be available since other-
wise the precoolant would be used to cool equipments directly.

As shown in Figure 1-22, a minimum turbine discharge temperature is
reached for each flight Mach number, because the amount of precooling is
limited by the precoolant temperature of 600OR and the heat exchanger effec-
tiveness of 0.80. Also, as the turbine inlet temperature is reduced by pre-
cooling, equal pressure ratiosd across the turbine yield lower temperature
drops of the cooling air, since the temperature drop across the turbine for
any fixed pressure ratio is proportional to the absolute temperature of the
air at the turbine inlet. The minimum turbine discharge temperature at a
flight Mach number of 3.0 is -6"F, whereas without precooling this tempera-
ture would be about 247"F.

Effective operation of the expanded ram air system may be extended
to higher flight speed by use of precooling. Without precooling at a flight
Mach number of 2.0, the turbine discharge temperature is 60*F, a limiting
value for the system when used to cool low-temperature equipmnents. However,
this same temperature is possible at flight Mach numbers of 2.5 and 3.0 by
precooling to the extent of 4100 and 9750 Btu per hour, respectively, i.e,
precooling of 1200 and 2860 watts. Precooling, like other auxiliary devices
used to extend performance of any power plant or cooling system, is basically
inefficient in that normally it requires dissipation of more heat in the
precooler than it makes possible to dissipate by the cooling system. It is
doubtful if precooling would ever be employed unless the precoolant would be
fuel and equipment temperatures must be maintained at relatively low values
at flight Mach numbers in the range of 2.5 to 3.5.
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APPEDIX TO SETION I

ANALYSIS AND EVALUATION PROCEDURE1 FOR THE DETMINFATION OF PERFaUWCE AND
PHYSICAL CH ACTDISTICS OF EXPANDED RAN AIR SYSTEMS

1. Nomenclature

Symbols for general concepts:

Ao Altitude, ft

a Cross-sectional area for ow in. 2

Co Theoretical spouting velocity of turbine, ft/sec

d Diameter, in.

f Darcy friction factor, dimensionless

g Dimensional constant, 32.2 lb/slug

G Flow rate, lb/sec

h Turbine bucket height, in.

k Ratio of specific heat at constant pressure to
specific heat at constant volume, Btu/lb-OF

M Mach number, dimensionless

N Rotational speed, rpm

P Pressure, p.s.i, abs.

q Cooling capacity, watts

R Gas constant, ft/°R

Re Reynolds number, dimensionless

a Stress, p.s.i.

T Temperature, OR

AT Difference of surface temperature of heat exchanger
Sand discharge temperature of turbine TC

U Flow velocity, ft/sec

W Weight, lb

x Length, in.
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Nozzle angle of turbine, degrees

SRatio of total to static temperature, I+0.-2i,
dimensionless, (see Table I-1)

Specific weight, lb/ft 3

Ratio of pressure to 14.7 p.s.i. abs., dimensionless

Efficiency, dimensionless

9 Ratio of absolute temperature to 5190R, dimensionless

Absolute viscositq, lb-sec/ft 2

a Effectiveness of heat exchanger, dimensionless

Pressure coefficient, dimensionless

Subscripts:

Note: Pressures and temperatures having the subscript (s) refer to static
values; without this subscript all pressures and temperatures refer to the
values for total conditions.

Symbol Refers to

A Station at exit of intake diffuser

A' Station at entrance to precooler

av Average conditions

B Station at entrance to turbine

B' Station at discharge of precooler

br Root section of turbine bucket

C Station at discharge of turbine

C' Station at entrance to tubes in heat exchanger

CA External diameter of axial compressor

CC External diameter of centrifugal compressor

a Compressor in general

D Station at entrance to compressor

SD' Station at exit of tubes in heat exchanger
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Symbol Refers to

E Station at discharge of compressor

F Station at entrance to exhaust nozzle

G Exit plane of exhaust nozzle

H Station at exit of exhaust nozzle

IA Impeller of axial compressor

IC Impeller of centrifugal compressor

i Inlet or internal

a Mechanical efficiency of turbine or compressor

N Exit plane of nozzle

o Ambient conditions, except for CO which is theoretical
spouting velocity

p Pitch line of turbine

P Precoolant

r Ram

a Static conditions for pressure and temperature

t Turbine in general

TA External diameter of axial turbine

TR External diameter of radial turbine

w Average surface or wall temperature of heat exchanger

WA Wheel diameter of axial turbine

WR Wheel diameter of radial turbine

x Heat exchanger

XP Precooling heat exchanger
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2. Analysis for Procedure (1)

Procedure (1) is used to evaluate temperature and pressures existing
at key locations throughout the expanded ram air system shown in Figure I-I
for any assigned operational conditions of the aircraft in which the system
is installed and any desired thermal conditions of the equipments specified
by cooling capacity and average surface temperature of the heat exchanger.
The cooling potential and general feasibility of the system for the intended
application may be established from this evaluatioh procedure. The analysis
for this procedure is presented in the subsequent paragraphs.

The total temperature at discharge from the intake is evaluated
from the flight Mach number and atmospheric temperature by

TA TOs [1 + 0.2 0] I TOs PO

or> or , os (1-2)

Values of Po are given in Table I-1. The flow process from discharge of the
intake to entrance of the turbine is assumed to be adiabatic; hence,

TB - TA - Tos P (1-3)

The temperature at discharge of the turbine TC is specified by the
assumed values for the average surface temperature of the heat exchanger Tw
and the inlet temperature differential AT.

Tc - Tw -AT (I-4)

The temperature of the air leaving .the heat exchanger TD is defined by

TD - Tc + aAT (1-5)

where a is the effectiveness of the heat exchanger, defined as the ratio of
the actual temperature rise of the air TD-TC to the maximum theoretical tem-
perature rise AT.

The expansion pressure ratio of the turbine required to reduce the
temperature of the cooling air from the temperature TB to the temperature
TC is defined by

TB-Tc" 7t TB [1 _- (Pc/PB)

or, by use of equation (1-3)

TdTos - Po {l - t [l-(PPs)I/3"5]3 (I-4)

The expansion ratio of the air across the turbine PB/PC is related
to the atmospheric pressure Pd. by

WADC-TR 53-114 P/P (PA/Pos)(PB/PA)(Pos/PC) (1-5)
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where PA/Pos represents the pressure ratio developed by the diffuser, %/Pi
the tot pressure ratio of the air from discharge of the intake to entrance
of the turbine, and J/Pos the selected total pressure of the air at entrance
to the heat exchanger relative to the atmospheric pressure. The pressure
ratio developed by diffusion during intake of the air is evaluated by the
equation

p/p * 3.5 r (1-6)

These values are given in Table 1-1. A study of literature data on the ef-
ficiency of supersonic diffusers (Ref. I-7 and -8), indicates that equation
(1-6) may be used to predict the total pressure at discharge of the intake
when the efficiency 7r is evaluated from the flight Mach number by the equa-
tion

S* 0.92 - o.024 4 (1-7)

The total pressure PA defined in this manner agrees quite satisfactorily with
experimental data for Mach numbers below 3.5.

Combination of equations (I-4,, -5 and -6), and referring all pres-

sures to the standard pressure of 14.7 psia yields

TdTO -C/~s -Po { ~ ~t 1 -(JdSC/o)l/3.5/p~r(J'B/fA)v/3$j (- )

the equation used to define the pressure at entrance to the heat exchanger
relative to the atmospheric pressure Jc/Ios for an. specified flight Mach
number and altitude, pressure loss in the auct leading to the turbine and re-
quired temperature of the air at entrance to the heat exchanger. The chart
presented in Figure 1-23 is used for graphical solution of this equation.
The chart shown in Figure 1-24 would be used for solution of equation (1-8)
when the turbine efficiency is assumed equal to 70 per cent the atmospheric
temperature is -67 0 F, and the total pressure ratio XB$C is 0.98, values
which are considered to be representative of those which would exist for
typical systems.

The power developed by turbine is absorbed by the centrifugal com-
pressor. Thus, since the air flow through the turbine and compressor are
equal,

ýmt(TB-TC) (TZ-TD)INO (1-9)

or, 'm mt(TB-) - (Tp/,) [(%F/D)V/3.5ý 1] (1-10)

The total pressure ratio developed by the compressor PW/n is defined by the
pressure coefficient ý and the Mach number of the tip of the impeller MIC
by the expression

PIPo - (l + o.4;,c*)3' 5  (I-11)

where the Mach number MIC is defined as the ratio of the peripheral speed of
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the impeller to the velocity of sound based on the total temperature of the
air at entrance to the compressor. The pressure coefficient 0 is defined as
the ratio of the actual head of air produced to the theoretical head produced
by a centrifugal compressor having an infinite number of vanes. The magnitude
of the pressure coefficient is assumed to be 90 per cent of the compressor
adiabatic efficiency, i.e., the circulatory flow coefficient is assumed equal
to 0.90, a value typical of impellers having 12 to 20 radial vanes. Using
this relation between pressure coefficient and efficiency and equations
(I-10 and -3-), the tip Mach number MIC required of the centrifugal com-
pressor is defined by

MIC a (2.78 •mc 7.A0m 00J)1/2 (1-12)

where the temperatures have been reduced to values relative to the standard
of 519°R. Values of the tip Mach number may be determined from the chart
presented in Figure 1-25.

The ratio of the total temperature at discharge of the compressor
to that at its entrance TWTD is defined by the tip Mach number FID according
to the expression

TE/TD - 1 l+0.36M"C (1-12)

which is derived from the definition of adiabatic efficiency for the com-
pressor as the ratio of the isentropic to the actual temperature rise of the
air. The pressure coefficient 16is again taken as 90 per cent of the adia-
batic efficiency. Equation (1-12) may be solved graphically by the chart in
Figure 1-26.

The loss in total pressure of the cooling air from inlet to exit of
the heat exchanger is defined on the basis of compressible flow theory, taking
into account the simultaneous action of friction and heat exchange within the
tube section proper, loss at entrance to the tubes due to contraction of the
stream and loss at exit of the tubes due to abrupt expansion of the air.
Data derived by mechanical integration of basic differential equations, as
illustrated in Ref. (1-2 and -3), are presented in Figures 1-27 through 1-35.
The heat transfer coefficient of forced convection between the tube surface
and the cooling air is assumed to be constant over the entire tube length and
is evaluated by use of the Reynolds' analogy between fluid friction and heat
transfer. The effectiveness of heat exchange a is related to the length-to-
internal diameter ratio of the tabe and the Darcy friction factor, assuming
a Prandtl number of unity, by the equation

fx/2di a loge [0(-0) (1-13)

The inlet Mach number shown on the plots in Figures 1-27 through 1-35 repre-
sents the Mach number of flow based on the cross-sectional flow area of the
tubes, and is not to be used as the Mach number of flow in the inlet header
of the heat exchanger.

The length of the tubes x for the heat exchanger required to develop
the design value for the effectiveness a is determined by use of equation
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(I-13), the inside tube diameter di of 0.20 inch, used for all designs, and
the average value of the Darcy friction factor f over the length of the tube.
The friction factor is defined for laminar flow by

f a 64/he (1-114)

and for turbulent flow by

f = 0.264/Re°' 2 3

The Reynolds number of the flow Re is defined by

Re' a )jIC Uo I di/l2fav

However,
-(kgR)J/2 (PC )/M C i)/

The total pressure at inlet to the tube is assumed to vary with the discharge
total pressure of the turbine by

PC (1 - 0.175 VC2,I) PC

to account for the pressure loss of the air in the inlet header of the heat
exchanger. The tube diameter di is constant and equal to 0.20 inch and the
total temperature TC , is equal to the total temperature TC& Hence, the
combination of the previous set of equations yields

Re a 1.425 SCMCe(1-O.175,)/val,(gC)/2 (1-16)

Graphical solution to this expression for determination of the Reynolds num'-
ber of flow may be obtained by use of the chart presented in Figure 1-36.
Once having defined the friction factor from the Reynolds number and equation
(1-114) or (1-3,), the effectiveness of heat exchange may be defined by use of
the chart presented in Figure 1-37, based on equation(I-13).

In defining the required cross-sectional area of the heat exchanger
it is assumed that 2 per cent of the cross-section is required as free space
for the shaft connecting the turbine and compressor, and that of the remain-
ing cross-section 50 per cent would be available for free4flow area of the
tubes. Thus, by continuity, the cross-section of the heat exchanger 8x is
defined by

ax - IWA4O/(O.98z0.50V-ciuc,) (1-17)

However., as determined previously in defining the equation for evaluation of
Reynolds number,

-,cuc, .85.5Sc•,(l7.T j)/p,(%)/2

so that .4-3. ,(%)1/2/SC%,(1-0.17540 (1-18)
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and - e

d. - (I/ 0 .785)/'2 (1-19)

Equation (1-18) may be solved graphically by the chart of Figure 1-38.

The required area at inlet to the diffuser for subsonic flight is
defined on the basis of a flow Mach number at this section equal to 60 per
cent of the flight Mach number and a flow coefficient of 0.95. Thus,

Tir -To Pd.ir - !519 Qo PdPi (1-20)

and M3.5 .5 . os p3.5 .5 (1-21)
Firs FO Pos o~ 3i' 1 4-78 00 oIr

where wrP - 1 + 0.2(0.6 Mo) 2  a 1 + 0.072 li (1-22)

The intake area required by the diffuser is defined by combination of the
continuity equation and the above relationships. The expression for sub-
sonic flight is

air/G - 2.96(os)lI/2(I+.077 )3/1SoMop3 (1-23)

The intake area of the expanded ram air system required for air-
craft operating at flight Mach numbers greater than 1.25 is defined by as-
suming all shocks to exist inside of the intake so that free stream condi-
tions may be assumed to define the state of the air at the inlet plane of
the intake. A flow coefficient of 0.95 is employed to account for boundary
layer effect. Based on free stream pressure, temperature and Mach number,
the equation of continuity yields

ai/G - l.775(Qos))/2/M0 Sos (I-24)

Inlet areas of the intake required for design flight Mach numbers in the
range 1.0 to 1.25 are obtained by trend curves established on the basis of
the subsonic equation (1-23) and the supersonic equation (I-24). The inlet
area equations may be solved graphically by use of the char t in Figure 1-39.

3. Analysis for Procedure (2)

Evaluation procedure (2) is used to establish the required size of
the various components for a expanded ram air system designed to provide the
required cooling capacity at the specified flight operational conditions of
the aircraft and for the desired thermal conditions of the equipments being
cooled. The evaluation procedure is for the type of expanded ram air system
illustrated schematically in Figure I-1. Temperatures and pressures of the
cooling air corresponding to the various stations throughout the system
shown in Figure I-1 are defined by the evaluation procedure (1).

The rate of cooling air flow required for a specified cooling ca-

pacity is defined by heat balance. Assuming a constant specific heat cp for
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air eaual to 0.24 Btu per pound-*F, the cooling capacity in watts is defined

by~c 3W0 x 0.4J G(TD-Tc)/3.l413

or,
G = %c/131,30(%OQ-OC) (1-25)

The cross-sectional area and di-ameter of the heat exchanger are
evaluated from equations (1-18 and -19), using the required cooling air rate
defined from equaLion (1-25). Similarly, the required inlet area aib is de-
fined by equation (1-23 or -24), depending upon whether the flight Mach num-
ber is greater than 1.25 or less than unity.

The size of the centrifugal compressor is determined on the basis
of design for maximum capacity, rather than maximum efficiency. Results of
a study conducted to determine the maximum air flow capacity of centrifugal
compressors (Ref. I-4) have shown that the inlet diameter of the impeller
should be defined by

di/dic w 0.778/Mic

This expression is used to define the relation of inlet and tip diameters of
the compresbor, except when the ratio of diameters exceeds 0.70, whereupon
the ratio is limited to a value of 0.70 for practical design reasons. The
tip Mach number of the impeller MIC is about 1.31 for the limiting diameter
ratio of 0.70. Thus, mhen

MIC l 1.3i, dic/dIC - 0.778/MIC (1-26)

and when
MC - 1.3l, dic/dIC - 0.70 (1-27)

The actual Mach number of flow through the inlet for units having pare axial
entry has also been defined (Ref. 1-4) and is determined to be nearly con-
stant at a value of about 0.43.

The equation of continuity applied to the inlet section of the com-

pressor for an inlet Mach number of 0.30 yields

S- 85.5xO.43 aich(l+0.2xO.49 )3

G(.D)I/2/D M 0.229 aic (1-28)

If it is assumed that the hub of the impeller is 0.25 of the impeller tip

diameter, then

atc a 0.785 [diC-(dicA)2] a 0.785dic[(didjdiC)2-1/16]

When the impeller tip Mach number exceeds 1.11 equation (1-26) is used and

WADC-TRic 
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So that introduction of this expression into equation (1-28) yields

0G(O%)V2/SD - o.on324(9.68/ -1~-)djC (1-29)

When NJ( is less than 1.31, dj/d 1 c - 0.70. Hence,

aic 0.785 dL(O.702 - 3/16)

and G(%)V/2/SD a o.o768 dC (1-30)

Equations (1-29 and -30) are used to define the required diameter of the
impeller for the centrifugal compressor.

The average external diameter of the centrifugal compressor is as-
sumed to be 80 per cent greater than the impeller diameter. The inlet di-
ameter of the compressor is defined by equation (1-26 or -27). The required
rotational speed of the impeller is determined from the impeller diameter
and tip speed in the following manner.

UIC - MIC 4'W

• o r , ,) 
/ 2 _

uorC 11 3- 7(%)•' IC (1-31)

Also,
Uic n dIC N/720 (1-32)

so that N - 256,000 MIC(Qe)]/2/dIc (1-33)

The required pitch diameter of the axial turbine for the system
shown in Figure I-1 is established from the rotational speed of the turbine,
being equal to that defined for the compressor, the theoretical spouting
velocity of the turbine and the ratio of the pitch line tangential velocity
of the turbine buckets to the theoretical spouting velocity. The latter
ratio is used to define the design for heat efficiency. The theoretical
spouting velocity is defined by

Co a 2gJclTB 1 - (SC/SB) (1-34)

and
u Co(uP/Co) (1-35)

where the ratio up/Co would be selected as about 0.45 for design yielding
maximum efficiency. The pitch-line velocity is related to the rotational
speed by

Up - n "dp N/720 (1-36)

so that equations (I-341, -35, and -36) may be combined to give for the
pitch diameter
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d,- 5-72)dO5 gB(uT/C,) 4-\V C/SBiWi-/N (1-36)

A chart for graphical solution of this equation is presented in Figure 1-40.

The flow capacity of the turbine is primarily a function of the
pitch diameter, the nozzle angle and the bucket height. If the nozzle angle
of the turbine is assumed to be 20 degrees, it may be shown that for turbines
designed on the basis of vortex theory and zero reaction at the root section
(Ref. I-i) the flow capacity is defined by

G(OB)I/2/SB - 3.06d(h/dr) [1+O.1765(h/dp)(2-h/dp)] (1-37)

Since the area rate G, temperature %., pressur'e 8B and pitch diameter d are
defined by previously given relationships, equation (1-37) would be use' to
select the required bucket hMight of the turbine h. This process may be
condu ted graphically with the chart presented in Figure 1-41. The stress
level at the root section of the turbine buckets would be evaluated by

abr a h dp N2 Y b/llT,200 (1-38)

where Yb represents the specific weight of the turbine bucket material in
pounds pw cubic foot. The tip diameter of the turbine wheel is defined by,

* a dp +.h (I-39)

and the average external diameter dTA is assumed to be 50 per cent greater
than the tip diameter of the wheel.

The discharge velocity of the system, station H, is defined by the
pressure drop available across the exhaust nozzle and the temperature of the
air at discharge of the compressor. The temperature at discharge of the
compressor TE is defined by equation (1-12)* The pressure of the air at
discharge of the compressor PE may be evaluated by equation (1-11), assuming

S090

where
- 0.58 + 0.01 dic (I-4O)

The discharge velocity is defined then by

uH - 2372(QE)V/2., - (o5/SF) (1-41)

for the discharge pressure SH equal to the ambient atmospheric pressure o
A flow coefficient for the discharge nozzle of 0.95 is assumed. The char•-
in Figure 1-42 may be used to evaluate the discharge velocity.

The drag imposed on the aircraft by the cooling air taken aboard
and subsequently discharged is defined by

Drag ._a [UN - 1 117 M0 (0 08)1/2]/g (1-142)
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The exhaust nozzle is assumed to be convergent only, whether the
pressure ratio of the nozzle is greater or less than critical. When the
pressure ratio exceeds the critical value of 1.89, it is assumed that the
efficiency of free expansion behind the nozzle is equal to that for expan-
sion within the nozzle; an assumption which is valid for over-all pressure
ratios up to about 3 or 3.5. The discharge area required of the nozzle is
defined from the continuity equation, and is

aN a O.838G(gQ,)l/2/SF [s F) 1- 43.(S i/f,)1. ] 1/2 (1-43)

The chart presented in Figure 1-43 may be used to define the required exit
area of the nozzle.

4. Analysis for Procedure (3)

Performance and size of the expanded ram air system employing an
axial-flow compressor operating in combination with either a radial or axial
turbine are determined by evaluation procedure (3). Required size of the
axial compressor is determined on the basis that the compressor would be de-
signed for minimum size, such that the efficiency of the unit iHuld be sac-
rificed to-reduce its weight and space requirements. Hence, in a few stages
having small diameter an appreciable amount of power may be absorbed. The
pressure rise of the air developed by this type axial compressor would be
small, and, correspondingly, the drag of the system imposed on the aircraft
by the cooling air would be increased. The over-all drag of the system im-
posed on the aircraft, from cooling air, weight, etc., may be reduced.

The tip Mach number of the compressor blades is assumed equal to
1.0 and the Mach number of flow relative to the tip section of the blades
is limited to 0.8. EBploying a symnetrical velocity diagram to yield maxi-
mum air capacity of the compressor, the tip diameter of the impeller is de-
fined by

d - 2.62 GI/2QDI/S/2 (1-44)

It is assumed that the average external diameter of the axial compressor
dtk is 10 per cent greater than the impeller diameter.* The required rota-
ti~nal speed of the impeller is defined by equation (1-33) using MIC•M•-l.

Size and speed for a radial turbine are determined on the basis of
design for peak efficiency. A ratio of the wheel tip speed to the theoreti-
cal spouting velocity of about 0.60 normally results in design for near peak
efficiency. The peak efficiency is assumed to be 70 per cent. The theoreti-
cal spouting velocity of the turbine is defined by the air temperature drop,
and is

CO- [2cp(TB-TC)/t]
1 / 2

Thus,
= 0.60 Co
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Also,

Also., UWR n dR -N/720

Combination of these equations defines the required diameter of the wheel as

(dR - h3.xl05(9B'QC) 112/N (1-4.5)

for the assumed turbine efficiency of 70 per cent. The average external
diameter of the radial turbine dTR is assumed to be 80 per cent greater than
the wheel diameter dqR. The axial width of the turbine nozzles is evaluated
on the basis of a i5 degree nozzle angle, and may be defined by the chart in
Figure I-44 for the specified air rate G and diameter of the wheel djR-

5. Analysis for Procedure (4)

This procedure is arranged to permit rapid calculations of sizes of
components using many of the approximations and assumptions enumerated in the
previous derivations, It is intended for systems employing axial compressors
and radial turbines, and is so prepared that it may be used to analyze cycles
employing precooling as well as simple cycles. The pressure loss ratio,
SB , may be stated for the duct alone, or the value may be made large
enough to include the duct loss plus a pressure drop through a precooling
heat exchanger located in the duct ahead of the turbine. The method is based
upon equations presented in the preceding analyses, except for the precooler
analysis which must include pressure and temperature change of the air across
the precooler. The pressure loss of the precooling heat exchanger is defined
by the chart in Figure I-45, 9which has been prepared from the work of Ref.
(1-6). Figure 1-46 is a cross-plot of the data of Figure 1-45 for a pressure
ratio of 0.918.

The chart presented in Figure 1-47 is useful for evaluating total
pressure loss in ducts of constant cross section, such as the interconnecting
ducts between intake and the turbine and the compressor and discharge. It
is assumed that this flow process would be adiabatic. Data in this chart
are based on Ref. (1-5), p. 157.

6. Evaluation Procedures

a. Procedure (W)

1. Fixed values: di , up/Co _-, SB/SA - s • F/fE -
-'/ os , .t ,7 t ,__ __ a .

2. Given variables: AO. , -]o .,... ,Tj, Tw
a -- SDSC -

3. Read 0os and Sos from Table AI-i. @os , Sos -P"

4. Read PO from Table I-i. PO
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5. Calculate %- TC/519. O - .

6. Calculate TD -TC + a(T,-Tc). -TD -D .

7. Calculate QC/4o -

8. Read to/SOs from Figure 1-23 or 1-24. Scos - .

9. Calculate Aj./% -O /I, - -.

10. Read MIC from Figure 1-25. MI -.

11. Read Qp/QD from Figure 1-26. Qp/ - .

12. Calculate OE a QD(@E/D). -E -E

13. Calculate QW/4. Read MC, from chart corresponding to se-
lected values for a-and S D/S$, Figures 1-27 to 1-35. M, -.

14. Calculate 9 av " (c0•9)/2

15. Calculate SC ='Sos(Sc/s) = - .

16. Read Re and f from Figure 1-36. Re A,_ f

17. Read x from Figure 1-37. x

18. Read ax/G from Figure 1-38. axG .

19. Read air/G from Figure 1-39. air/G

b. Procedure (2)

20. Fixed values: refer to item (1) of Procedure (1).

21. Given variables: qc a watts.

22. Calculate G - qc/13l,30O(Q-Q) - .

23. Calculate ax G (item 18) = .

24. Calculate dx 1 . 1 2 8 ( °5)05 - .

25. Calculate air = G (item 19) .

26. Calculate SD SC(SD/SC) - -

27. Calculate d1 c by equation (1-29) or (1-30). dC _

28. Calculate dic by equation (1-26) or (1-27). die
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29. Calculate N by equation (1-33). N - .

30. Find SA/Os from Table I-i. AoS0 O

31. Evaluate SB n Sos(SA/Sos)(SB/SA) •

32. Read dp from Figure 1-40. dp

33- Calculate GQR' 5 /SB -•

34. Read h from Figure 1-41. h

35. Calculate d A wdp + h .

36. Calculate dTA w 1.5 dA -

37. Calculate SE/ID 0 (1 + 0.4pNIC)3o5 *, where Y'* 0 . 9 ý, and

ýc is defined by equation 1-40.

38. Evaluate SEISos - (SC/Sos)(SD/hC)(SESD) n .

39 Ealuate Sos/SF - ("osSE)(SESF) -

40. Read uH from Figure 1-42. uH-

41. Calculate drag by equation (1-42). Drag .

42. Evaluate SHAF .

43. Read from Figure 1-43, aN -

44. Calculate dN - '.328(aN)" -5

c. Procedure (3)

45. Fixed values: refer to item (1) of Procedure (1).

46. Given variables: OB - , -_ , D- G
SB -, D -.

47. Calculate by equation (I-44), dIA -

45. Calculate dC a 1.1 dJA - _.

49. Calculate N 2- 6oooo(-)°'-/d -.

50. Calculate by equation (1-45), dW =-

51. Calculate dTR 1.8 d -.

52. Read turbine nozzle width from Figure 1-44 -.
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53. calculate dp- 3.o9xlo0CQ-Qc)o.5/N - -

54. Read from Figure I-41., h ="

55. Calculate dA d + h.

56. Calculate dTA 1.5 A -___. E

d. Procedure (I)

57. Fixed values: AB/Sk , " , di.
58. Given variables: AO TC

a ., TB (flr precooling)r.
59. Read 9os and SOS from Table I-1. gos go .

60. Read Po from Table I-I. . .
61. Calculate, for precool-ing, B TB/519 a without pre-

cooling, 9B Po, Gos •

62. Calculate - TC/519 -

63. Calculate TD TC + a(Tw-Tc) _ , i .

64. Calculate Q/o -

65. Read SC/Sos for no precooling from Figure 1-23 or 1-24.
SC/Sos ; ( With precooling calculate
8SdSos - 5BA)S/o) [1E C-c)~~ 3

66. Read m, from chart corresponding to selected values of a and
SD/SC, Figures 1-27 to 1-35. Qir/@C , MC, I

67. Calculate Gav E O.5(QC+b) -

68. Calculate SC - Sos(SC/Sos)

69. Read Re and f from Figure 1-36. Re -f

70. Read x from Figure 1-37. x-

71. Read ax/G from Figure 1-38. x/G -

72a Read air/G from Figure I-39. air/G ,

73. Cooling capacity qc =a

74. Calculate G - qJlc133o(0 -•). -
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75. Calculate a. G (item 71) -

7 . calculate c, ~ 2 (a ) ~ - -76. x~u = 1.128(ax)°'5 =

77. Calculate air = G (item 72)m- .

78. Calculate SD - Sc(SD/•C) - .

79. Calculate dja by equation (1-44). dIA -, .

80. Calculate dCA - 1.1 djA -..

81. Calculate N - 256,000()0"5/dli . -..

82. Calculate dWR by equation (I-45). dR " -.

83. Calculate dTR l.8 18 -n.

84. calculate SB - Sos(SB/S)(P•o r) -.

85. Calculate G(Q)'51/SB a

86. Read turbine nozzle width from Figure 1-44

87. Calculate drag by equation (I-42). Drag

88. Calculate QA a eoso -...

89. Calculate for precooling heat exchanger, Qav 0-5(QA44PB)= -

90. Calculate axP n (QA-QB)/(QA-Qp) - .

91. Read SA/Sos - , from Table I-1.

92. Calculate SA - Soo(A/Sos) -

93. Read MA from Figure 1-45 or 1-46. m ..

94. Read f from Figure 1-36., using state of air at A rather than
at C. f -

95. Read xpC from Figure 1-37. xpC .

96. Read a•n/G from Figure 1-38, using state of air at A rather than
C. G- -.... .

97. Calculate a - and dp a 1.128(apc)0) 5 -
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o Po 0,. 03o5"•" "o 3

0.1 1.002 1.0070 1.007 1.0010 .oU06
0.2 100080 l.O283 1,026 1.0040 1°U24
0.3 1o0180 1.06 1.09 1.0090 .OU53
0.4 1.032D •1,•6 .J.07 1o0159 1.*0
0.5 1.050 1..862 1.169 1.0246 1.150
0.6 1.0720 1.2ls7 1.268 1.0354 L.232
0.7 3.0980 1.38r 1.34 1.0479 1.324
O.8 1.1m2 1*62 1. 64 1.0621 1.435
0.9 1.1620 1.6914 1.65 1.0lo0 1.569
1.0 1.2000 1929 1.771 1.0955 1.728i.1 1.24,20 2,=i L.966 1.3.145 i. 916
1.2 1.2800 2.4251 2.190 1.1349 2.137
L3 1.3380 2. 708 2.450 1.15T 2.395
L4 1.3920 3.4.m 2.746 1.1798 2.69'
L5 1.000 3.6712 3.084 1.204 3:.49
1.6 1.5120 4.2504 3.463 1.229 3.456
1.7 L5700 4.9361 3.8M8 1.256 3.929
1.8 16460 5.7459 4.361 1.2ft 4.476
1.9 L7220 6.7006 4.060 L.12 5.w6
2.0 loam 7.824 5.48 L342 5.832
2.1 L 0 9.14" 6.060 1.372 6.666
2.2 19680 10.640 6.717 1.403 7.622
2.3 2.05aO 12.5Ms 7.4a 1.4m 8.717
2.4 2.s2Uo i*.62o 8.1461 1.467 9.966
2.5 2.200 17.086 8.89 1.500 AL.39
2.6 2.3520 1.9-55 9.463 1.333 13.01
2.7 2.4560 &3.283 10.4 1.5"6 14.85
2.8 2.56dO 27.139 11.20 1.602 A.6.93
2.9 2.6820 31.594 n..94 1.638 .9.29
3.0 2.6000 36.733 12.64 2.673 2L.95
3.1 2.9= "4" 13.29 1.709 24.95
3.2 3.0480 49.4•5 13.8 1.746 28.32
3,3 3.1780 57.216 14.37 1.783 32.a.O
3.4 3.3120 66.j16 14."8 1.82D 36.3
3.5 3.4500 71.273 35.08 1.657 4L.06

Table I-i

Working Functions of Flight Usch •uner for •Ialuation
of Total Temperature and Pressure
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SECTION II

FUEL-COOLeD EQUIPMENT CASE HFAT ECCHANGERS

By M. L. Smith

One method of keeping equipment temperaturesi within acceptable limits
in high-speed aircraft is to enclose the equipment in a casing which is sur-
rounded by a heat exchanger. The engine fuel might be used as the primary
coolant for the heat exchanger, and a forced-air circulating system be used
to transfer heat from the equipment to the heat exchanger, This method of
protection not only provides cooling for any heat generated by the equipment
itself, but also protects the enclosed equipment from external heating ef-
fects due to high temperature surroundings. This cooling method is particu-
larly appropriate for electrical components, since they can often operate
independently, requiring only simple wiring connections leading from the
cooled case. A salient advantage of the system is that it is applicable to
many components in their presently used form, and therefore avoids expensive
redesign. Although the heat exchanger core could be designed to use other
fluids as the primary coolant, the use of fuel is advantageous since the
fuel is already present on the aircraft, and special storage and handling
problems are therefore avoided. It is assumed, of course, that the fuel is
available in sufficient quantity and at a low enough temperature to serve as
a satisfactory coolant.

The analysis and results given here are for a fuel-cooled equipent
casing which is cylindrical in shape, with the heat exchanger core located
in an annular volume around the space for equipment installation. This
method of protecting equipment is not limited to this configuration, how-
ever, and should certainly be considered where other casing shapes are re-
quired.

SUmmARY

The performance of fuel-cooled equipment case heat exchangers is con-
sidered. The particular configuration studied in detail consists of a
cylindrical shell, having a heat exchanger core installed in an annular
volume just inside of the shell. Within this heat exchanger core is another
shell, partially enclosing a volume wherein the equipment to be cooled is
installed. A. motor and fan are provided in the shell at one end, for circu-
lating air in a continuous cycle over the equipment and through the annular
heat exchanger core. The same motor which drives the fan is also assumed to
drive a fuel pump, 'which circulates the fuel coolant through the heat ex-
changer core.

Five types of heat exchanger core are considered. In four of these,
the circulated air is passed between the inner and outer shells of the core,
while the fuel is passed through tubes in the core. In one of these the
tube surface is extended with fins. In the other basic type, fuel is passed

WADC-TR 53-114 83

4NFIDENTIAL,



-..,CONFIDUWFIiAL'-.....

through the space between the inner and cater shells of the core, w1lle the
air is passed through tubes. All of the cores are assumed to be used in
counterflow heat exchange. Various baffling arrangements are assumed to in-
vestigate the heat transfer characteristies of different flow arrangements,
both on the fuel and air side of the core.

It is assumed that a fuel-cooled equipment case would be used in a com-
partment where the surroundings are at a high temperature. Provision is
therefore made for including external heat loads to the case heat exchanger
in analyzing its performance. In addition to the heat generated by the
cooled equipment installed in the case, the power requirements for circu-
lating both the air and the fuel are accounted for in analyzing the perform-
ance. It is assumed that operation is in the steady-state insofar as all
heat transfer and heat generation rates are concerned. General equations
are developed to describe the heat transfer and heat balance relationships
of the fuel-cooled equipment case in operation. These equations do not de-
pend on the details of the heat exchanger core design, bat only on its basic
type, having fuel or air in contact with the outer shell. A summary of heat
transfer correlations and pressure drop correlations applying to heat ex-
changer cores of specific types is given in Appendix B. Examples of using
such specific correlations together with the general equations to form a
performance calculation procedure are given in Appendices C and D.

The performance of a fuel-cooled equipment case heat exchanger is de-
fined in terms of the net cooling capacity which it provides for the in-
stalled equipment, at a given temperature difference between the air and
fuel at their respective points of entry to the heat exchanger. The tempera-
ture of the equipment is then related to the fuel temperature through per-
formance results in this form., using an expression involving the effective-
ness of the equipment as a beat exchange device.

A number of plots showing calculated performance characteristics are
given. Based on these results, conclusions on the effects of principal
operating variables and comparison of the different heat exchanger cores may
be summarized as follows:

1. Plots of net cooling capacity versus the fuel and air entrance tem-
perature difference (tal-tfl) show that for a constant air flow
rate, an increase of net cooling capacity requires an increase of
(tal-tfl).

2* The temperature difference (t 1 -tl) required at a fixed net cooling
capacity can be decreased by increasing the air flow rate up to a
point. Beyond this point, the increased power requirement for cir-
culating the air causes (tal-tfl) to increase with increasing air
flow rate.

3- If a family of cooling performance plots as described in item (1)
are constructed for different air flow rates through the same core,
an envelope may be drawn tangent to the family of lines. This en-
velope represents an optimum design condition where (tal-tfl) is at
its minimum value for the corresponding net cooling capacity. The
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required air flow rate is that which gives a performance plot tan-
gent to the envelope at the design point, and may be found by in-
terpolation.

4. The effect of external heat load on a fuel-cooled equipment case
heat exchanger is to reduce the net cooling capacity for a fixed
(tal-tfl). This effect is small even for external heat loads which
are large compared to the net cooling capacity of the exchanger.
The effect is smallest in cores which have the fuel in contact with
the outer shellj, since the external load enters the fuel directly
and is not transferred through the core heat exchanging surface
used to cool the equipment. The effect is most severe in designs
of high air flow rate, where the temperature difference (tea-tfl)
is small compared to the net cooling capacity.

5. The temperature level of operation has only small effect on the
cooling performance of a fuel-cooled equipment case heat exchanger*
It therefore follows that a unit analyzed for performance at one
temperature level can be expected to perform similarly at other
temperature levels.

6. The fuel flow rate has very little effect on the temperature dif-
ference (ta-tfl) associated with a given heat transfer rate to
the fuel unless the flow rate is quite low. For very low fuel
flow rates, the high fuel temperature rise and the low fuel film
heat transfer coefficients require much larger values of (tal-tfl).

7. By comparing the optimum performance curves for a large number of
heat exchanger designs, it is possible to select those designs
which offer the best performance for a given size and weight. The
plots are altered somewhat from the optimum performance curves
described earlier in that the values of net cooling capacity are
divided by the heat exchanger volume or weight. A study such as
this shows that heat exchangers wherein the fuel contacts the
outer shell and the air flows through tubes are generally best from
the standpoint of size. They offer the highest net cooling capaci-
ty per unit volume at a given (tal-tfl). A comparable performance
can be achieved with an exchanger with fUel in tubes if the air-
side surface area of the tubes is enlarged with fins, however.
Exchangers with fuel inside the outer shell are very inferior in
performance on a weight basis to those with fuel in tubes. It is
therefore concluded that the best design from the standpoint of
both size and weight is that which circulates the fuel through
tubes, with fins on the air-side surface of the tubes.

8. Although no data are given to show the effect of air pressure on
heat exchanger performance, it is shown to be an important variable.
In a fixed system with a constant air circulation rate by volume,
it is possible to show the qualitative influences of a change of
air pressure. It is not possible in general to determine how the
cooling performance varies except by calculation for specific
cases. If a fuel-cooled heat exchanger is to be designed, a design
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for low air pressure requires a greater power for air circulation
than one for higher air pressures. This effect is required to pro-
vide identical cooling performance.

DESCRIPTION OF THE SYSTEM AND HEAT XCHANGER CORES

1. General Configuration

The general configuration assumed for a fuel-cooled equipment
case heat exchanger is shown schematical y in Figure II-I. The outer casing
is cylindrical in shape, and is broken only for fuel lines, pump shaft, and
whatever connections are required with the outside by the equipment. An
inner casing or shell is also shown, within which the equipment to be cooled
is installed. Between the inner and the outer shells is an annular space
containing a heat exchanger core. A fan and motor are provided to draw air
from the equipment space and force it through the heat exchanger care, where
the air is cooled. From the core the cooled air returns to the equipment
space, where it is heated by the equipment, thus completing the air flow
cycleG. The fan and motor are located at the air inlet end of the heat ex-
changer so that the heat generated by their operation is carried by the air
directly to the exchanger. The cooled equipment therefore receives the
coolest air in the sy' tern, without the air temperature rise caused by opera-
tion of the fan and motor. This positioning of the fan has a disadvantage
in that the power required to circulate a given weight of air is higher than
if the fan were at the cold-air end of the exchanger.

The surfaces of the heat exchanger core are kept cool by fuel which is
circulated through the core as the primary coolant. In the example shown,
the fuel is passed through the heat exchanger in a direction which gives
countarflow heat exchange. This is advantageous in that for fixed fluid
temperature conditions and cooling effect, less core surface is required in
the counterflow arrangement than if parallel flow were used. In the example
shown, the fuel pump is driven by the same motor which drives the fan or air
blower. This arrangement is assumed for all cases analyzed here, although
in some installations a fuel pump may not be required.

2. Heat Mxchanger Cores

Five types of heat exchanger core are considered for application
in the fuel-cooled case shown in Figure II-i. The physical arrangements of
these cares are described here.

a. Design A

The first core considered is shown at the top of Figure 11-2
as Design A. The fuel coolant is pumped through tubes, which encircle the
inner shell in helical fashion. The air is blown in crosaflow over the
outside of the tubes. A small fuel header is located at each end of the
core as a common terminal for two or more parallel fuel paths through the
tubes. An advantage of this core is that the fuel, which in ordinarily at
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high pressure, is contained in the small diameter tubes. This results in
lightweight construction. In the particular example illustrated, there are
two rows of fuel tubes transverse to the axis of the cylindrical case, and
the tabes are arranged in-line. Variations on the same basic core design
may have more than two or only one row of fuel tubes, and either in-line or
staggered tube arrangements.

b. Design B

The core designated as Design B is also shown in Figure 11-2.
In this case the air is forced through trbes which run parallel to the axis
of the cylindrical ease, and the fuel is pumped over the air tubes in cross-.
flow. A system of baffles is provided so that the fuel encircles the shell
several times in a helical path in traversing from one end to the other of
the core. This design has the advantage that heat received through the
outer shell from the surroundings passes directly into the fuel coolant,
instead of heating the air as in Design A. Another advantage is that De-
sign B cores are thinner for a given cooling capacity than the type shown
in Design A, leaving more room in a casing of fixed outer dimensions for
equipment installation. A marked disadvantage of Design B is that the inner
and outer shells must be thick and suitably ribbed to withstand the high
fuel pressures, resulting in heavier and possibly more expensive constructUn.

c. Desin C

The core designated as Design C is also shown in Figure 11-2.
In tbhs design the fuel flows through straight tubes running parallel to
the axis of the casing, with fuel headers provided at each end of the tubes.
The air is blown over the tubes in flow parallel to the tube axes. This de-
sign can be modified with baffles inside of the fuel headers, so arranged
that the fuel passes back and forth through the core several times before
being discharged. This situation, however, would not be true counterflow,
and therefore requires special analysis. With a given number of tubes it
has the advantage of higher fuel velocity and correspondingly high heat
transfer coefficients on the fuel side.

d. Design D

Another core design is shown as Design D in Figure 11-3. This
design is similar to Design A in that the fuel passes through tubes which
encircle the case. The tubes are flattened, however, and finned on the ex-
ternal or air side. The air is blown over the tubes in crossflow, and
parallel to the fin surfaces. The fins increase the heat transfer area on
the air side, and this together with the tube flattening, produces a thinner
core section than Design A. The construction cost for a care of Design D
would be higher.
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a. Desigl E

Design E, shown in Figure 11-3, is physicafly. similar to De-
sign B, but the positions of the fluids are reversed* The fuel is inside
the tubes, thus requiring fuel headers for the tubes, while the air is
baffled to give crossflow over the tubes. Construction of this core would
be somewhat lighter and less expensive than that of Design B, since the high
pressure fuel is here confined within the small tubes.

GENERAL ANALYSIS

The analysis given here is concerned with establishing the basic equa-
tions which describe the performance of a fuel-cooled equipment case as
shown in Figure II-1. These performance equations are general, and apply to
a large variety of heat exchanger core arrangements. The more detailed
equations which describe the heat transfer coefficients and pressure drop of
air and fuel are of course dependent on the core used, and are therefore not
treated in this general analysis. The detailed relationship for heat trans-
fer coefficients and fluid pressure drop are given for each heat exchanger
core in Appendix B to this Section. Examples of using them together with
equations from this general analysis to study the performance of a particular
fuel-cooled case heat exchanger are given in Appendices C and D to this
Section.

1. AssUMptions for Analysis

A number of assumptions are made to restrict and describe the
system analyzed. They are given in the following paragraphs.

a. External Heat Loads

It is assumed that the fuel-cooled equipment case is located
in a compartment exposed to high skin temperatures. As an exaple, this
situation would hold if the case were within the centerbody of a ramjet
aircraft flying at supersonic speeds. The skin areas may or may not have
insulation to reduce the rate of external heat transfer to the compartment.
An example of such an installation is shown schematically in Figure 11-4.
In addition to the fuel-cooled case, other equipments may be in the compart-
ment. It is assumed here that the external heat load to the cooled equip-
ment case is due only to radiation from nearby high temperature surfaces and
free convection of the compartment air. Methods for calculating such heat
loads are discussed in Sections V and 3X. For purposes of the present study,
however, it is sufficient to select some arbitrary external heat load which
might vary only insofar as it is affected by the heat exchanger core in the
fuel-cooled equipment case. It is therefore assumed that the conditions in
the compartment and external to the fuel-cooled case can be described in
terms of an average surroundings temperature ts and an external heat trans-
fer coefficient for the cooled case .h. Different fuel-cooled cases are
compared in their performance for the same assigned values of to and hi.
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Figure 11-4. Schematic of Fuel-Cooled Equipment Case
Installed in a Ramjet Centerbody

For simplicity it is also assumed that the major heat transfer to the in-
terior of the fuel-cooled case occurs through the cylindrical surface (see
Figure TT-I), and the heat transfer through the ends is neglected. This
assumption is particularly justified if the ends of the case are insulated.

b. Generated Heat Loads

In addition to the external heat loads to the fuel-cooled
case, there are generated heat loads to consider. The equipment installed
in the case is assumed to generate heat, since an elaborate protection
method such as this woculd probably not be required for non-heat-generating
equipment. As mentioned earlier, there is also a generated heat load due
to the operation of the fan or blower, and the motor which drives both this
fan and the fuel pump. For small units, it is assumed that the fan, motor,
and pump each have an efficiency of about 50 percent. In some installations
a fuel pump may not be necessary if there is no objection to imposing the
fuel pressure drop in the heat exchanger on the fuel supply line. If so,
the pumping power required by the fuel is not included in the heat balance
equations.

c. Operating Conditions

It is assumed that the fuel-cooled case operates under steady-
state conditions. The air pressure, air circulation rate, external heat
load, generated heat load, fuel temperature and fuel supply rate are there-
fore constant. For this circumstance it is possible to compare the per-
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formance of different heat exchanger cores, since the air temperatures in
general vary with the core used, other conditions being fixed. A core which
can provide a low air temperatare at a given cooling capacity is to be pre-
ferred from the standpoint of equipment cooling.

2. Heat Balance Relationships

a. External Heat Loads

The external heat load to the fuel-cooled equipment case may
be determined from an equation of the form

where qe is the external heat load, U. is an over-all heat transfer coeffi-
cient between the case surroundings and the fluid in contact with the inner
surface of the outer shell, and Ox is the temperature potential across Ux.
For Designs A, C, D, and E this is

qe - UzAx(ts'tam) (I1-2)

where tam is the average air temperature in the heat exchanger. For Design B
or anr which has the fuel in contact with the outer shell the equation be-
comes

%e - uXA(ts-tM (11-3)
where tfm is the average fuel temperature in the heat exchanger.

The coefficient Ux is defined as

where hc is the forced convection heat transfer coefficient for the fluid
flowing along the inside of the outer shell, and hX is an appropriate coef-
ficient for heat transfer from the surroundings to the outer shell. In this
study arbitrary values are assigned to h and ts, but the value of hc is de-
termined for the particular heat exchanger core and its operating conditions.
This permits a comparison of the performance of different cores on the basis
of an identical environment, but allows for the effect of the core type and
the operating condition (such as flow rate and temperature of the fluid) on
the external heat load.

An alternative method is to assign arbitrary values of q% for a per-
formance calculation to compare different heat exchanger cores. This also
provides a logical basis of comparison, although different amounts of in-
sulation on the fuel-cooled case would actually be required if the external
heat load were t o be the same for different heat exchanger cores, even where
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internal fluid temperatures are the same.

b. Generated Heat Loads

Under steady-state operation, all of the heat generated by the
operation of the fan, motor, and fuel pump is transferred in one way or
another to the fuel. Heat generated by the equipment is also transferred to
the fuel. The heat balance for the fuel, including the external heat load
is therefore given by

qf - % + 3.413 (q,.qm) (1-5)

where qM is the total motor power input in watts, and qc is the heat genera-
tion rate of the equipment, in watts. q% and qfj, the total heat load to the
fuel, are expressed in Btu/hr.

A more detailed examination of the generated heat loads is required to
find the heat transferred to the circulating air. From the configuration
shown in Figure II-1, it is clear that if qMa is the motor input power (ex-
pressed in watts) required to circulate the air, all of this is transferred
to the air. With qMf, the motor power required to pump the fuel, this is
not the case. That portion of qMf which goes to supply motor losses is
transferred to the air, but that portion which goes to pump losses and to
actual pump work in the fuel is transferred directly to the fuel and does
not enter the circulating air. The generated heat loads transferred to the
air are therefore given by

WaCpilta - 3. l3(qcma+J,/2q ) (11-6)

since a motor efficiency of 50 percent is assumed. The values of fan, motor
and pump efficiency are assumed to have been accounted for in finding qca
and qyf. In the above equation, Wa is the weight flow rate of air in pounds
per hour, and c and Ata are the specific heat and temperature rise of the
air, respectively.

c. Heat Transferred from Air to Fuel

The heat transferred from the air to the fuel is described
by different relationships for the two different basic types of heat ex-
changer core. In the first type where the air is in contact with the
immer surface of the outer *ell )Designs A, C, D., E), the relationship is

qf-3.1l3(L/2q ) - Uo %m (11-7)

since all of the heat received by the fuel, except that due to pumping, is
transferred from the air as it passes through the heat exchanger. In the
right-hand member of this equatlon, Uo represents the over-all coefficient
of heat transfer between the air and the fuel, based on the outside surface
area of the tubes Ao, and 1,m is the logarithmic mean temperature difference
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between the air and the fuel.

Where the fuel is in contact with the inner surface of the outer shell,
as in Design B, the equation is,

qf%343(/qf - Uokoglm (11-8)

since the external heat load enters the fuel directly through the outer shell,
and is not transferred through the surface Ao. For both of these equations
the coefficient Uo is defined by

i. (11-9)FOo - 1 dto

where h9 and hi are the convection heat transfer coefficients on the outside
and inside surface of the tube wall, respectively, and dti and dto are inner
and outer diameters of the tubes.

3. Performance and Temperature Relationships

A convenient measure of the merits of any cooling method is the
temperature difference which is required between the cooled component and
the coolant for a given heat removal rate, or cooling capacity. In order to
determine the temperature difference between the cooled equipment and the
coolant, it is necessary to know the effectiveness of the equipment as a
heat exchanging device. To avoid this complication and make the evaluation
of performance for a particular heat exchanger core of more general value,
the difference between the temperatures of the circulating air and the fuel
is used as a performance criterion. In the actual system, fuel temperatures
and air temperatures vary from one end of their flow path to the other. It
is therefore necessary to fix on a particular definition of the difference
and use it consistently. The results given later are in terms of the quanti-
ty (tal-tfl) or difference between the temperature of the air and the tem-
perature of the fuel at their respective points of entry to the heat ex-
changer. The calculation procedures of Appendix D to this Section are set
up so as to determine this temperature difference. These calculation pro-
cedures are based on both the general relationships just given and on the
specific equations from Appendix B which apply for the core used. In general,
a cooling apparatus which gives a low value of (t~l-tfl) for a given cooling
capacity qc is superior to one which requires a high value of the temperature
difference.

With results given in terms of (tal-tfl) for a given cooling capacity,
the equipment temperature can be found if certain equipment characteristics
are known. It is necessary to know the effectiveness of the equipment as a
heat exchange device, which is defined as,

Ol- tal7ta2 (11-10)tal-tA2
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where by current nomenclature, t.l and %.2 Are the temperatures of the air
on entering and leaving tbhe heat exchanger, respectively, equal to those
leaving and entering the equipment space, respectively. It is apparent from
the definition of equipment heat exchanger effectiveness that it is the ratio
of the actual temperature rise of the air in the equipment space to the maxi-

IE possible. Although the temperature of various parts of the equipment
would actually be different,- it is assumed that the equipment can be repre-
sented by an average temperature t. It should be observed that under the
above definition of effectiveness, the motor and fan for circulating the
air are grouped together with the installed equipment in the fuel-cooled
case. Fcr ary given combination and arrangement of equipment, motor, and
fan, it is necessary to have experimental data to determine the effective-
ness ae, for conditions which are appropriate to the contemplated installa-
tion,

It is then possible to construct a relationship for the equipment tem-
perature, using equations (11-6 and -10). Combining these equations gives

te n- a [3JIl3(%4~q~a+l/2qijf)j fle (flu1)Io . + Wacp I [ a

Presumably the coolant temperature is known, so that with a result in the
form of (t aitfl), tal is known, whereupon te can be found from equation
(I-11). It should be observed that an equipment of high effectiveness is
preferred, since equation (II-11) shows that sach an equipment would operate
closer to tal than one of low effectiveness. In general, a high effective-
ness for the equipment as a heat exchanging device requires an arrangement
which provides for high heat transfer coefficients and/or long lengths for
the flow path in which the air contacts the equipment. Both of these re-
quirements lead in turn to high pressure loss and high power requirements
for air circulation. The power requirement for air flow over the equipment
is neglected in this analysis since it is usually negligible compared to the
power required to force air through the heat exchanger.

EFFECTS OF VARIABLES ON THE PERFORMANCE OF FUEL-COOLED EQUIPMENT CASES

Typical performance characteristics of fuel-cooled equipment cases have
been calculated for the five heat exchanger cores described earlier. While
the range of variables that might be encountered in all types of aircraft
application is too broad to permit reaching final conclusions regarding the
merits of such equipment, many factors affecting performance are evaluated.
It is believed that these results are of value as a guide in designing a
fuel-cooled case for a given application.

All results are calculated for equipment cases one foot long and one
foot in diameter. The air pressure in each is assumed to be one atmosphere,
and aluminum tubes of 3/16 in. outside diameter with 0.007 in. wall thick-
ness are used. Obviously, the smaller the tubes, the more heat transfer area
can be enclosed in a given volume of heat exchanger. It is felt that 3/16 in.
outside diameter tubes are about as small as would be practical to use in
mass production, so no variation of tube size is considered in the following
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results. As discussed later, the effect of fuel flow rate on performance is
not usually important, so that a value of 500 lb/hr is used unless indicated
otherwise in specific cases. The use of JP-3 fuel as the primary coolant is
assumed throughout. Unless some other value is specified, sthe temperature
level is established by tal m 300 0F. In a few special cases the operating
temperature level is specified in terms of tfl.

1. General Performance

Figure 11-5 shows the performance characteristics calculated for
a heat exchanger such as Design B of Figure HI-2. Details of the design are
given in the figure. The results shown are indicative of the internal heat
transfer processes only, since it is assumed that the external heat load qe
is zero. The values for pL and pt represent longitudinal and transverse tub
pitches, expressed in tube diameters (see Fig. 11-2). There is only one row
of tubes for air, as represented by r - 1. The performance is indicated by
plotting the net useful cooling capacity q% versus the difference in primary
and secondary coolant temperatures (tal tfl). For a given air flow rate Wa
the plot shows the steady-state temperature. difference between air and fuel
at entrance to the heat exchanger for a given cooling capacity. The dashed-
lines indicate the total motor power requirement, for both air and fuel, in
terms of (tal-tfl).

For a constant Wa it is seen that the cooling capacity and temperature
difference have a nearly linear relationship. If the air temperature must
be reducedthe cooling capacity available for the equipment must be reduced.
From comparison of the plots for different air flow rates, a low air flow
rate gives poor performance at high cooling capacities, since it requires a
large temperature difference, or a high air temperature in the case. This
results from the low heat transfer coefficients on the air side of the heat
exchanger at low flow rates. On the other hand, high flow rates are not de-
sirable when only a low capacity is required, because the extra power needed
to circulate the air imposes an additional load on the heat exchanger, which
tends to increase the temperature difference between the fuel and air. The
optimum air flow rate for any combination of net cooling capacity and tem-
perature difference (tal-tfl) can be found. It is necessary to construct an
envelope to a series of plots for various air flow rates. The optimum air
flow rate can then be found by interpolation, since it is represented by a
performance line which is tangent to the envelope at the desired point of
% and (ta-tfl). A design of this air flow rate represents an optimum in

sense mhat it gives the smallest value of (tal-tfl) possible for the
given heat exchanger core at the desired capacity qc. If the temperature
limitations for the air are not severe, and a large value of (tal-tfl) can
be tolerated, lower air flow rates than the optimum should be used. The
plots of motor power requirement show clearly that a very great saving in
motor power can be effected by using low air flow rates. It is apparent
that the power requirement is little affected by change of (tal-tfl) at con-
stant air flow rate.
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2. External Heat Load

The effects of an external heat load on the performance of the ex-
changer just discussed appear in Figure 11-6. The net cooling capacity in
watts qc (or heat generation allowed far the equipment), and the heat added
to the fuel in Btu/hr qf, are plotted for various arbitrarily assigned ex-
ternal heat loads. Results for four different operating conditions are
plotted, including high and low air flow rates and four constant fuel-air
temperature differences. The plot shows that a Design B exchanger has a
tremendous capacity for absorbing heat from the surroundings without affect-
ing the cooling capacity very greatly. The higher air flow rate shows a
more pronounced reduction of cooling capacity with increased external heat
load, because of the smaller temperature difference (tal-tfl) in proportion
to the net cooling capacity. As the external heat load is increased, the
fuel temperature rise increases. This is more serious in its effect where
the initial (tal-tfl) is small, since the temperature difference for heat
transfer Olm is reduced by a proportionately greater amount by a given fuel
temperature rise.

A comparison of the effects of qe on the cooling capacity of three
types of exchangers, Designs A, B, and C, is shown in Figure 11-7. Charac-
teristics of each design are given in the figure. As before, the values of
external heat load are arbitrarily assigned in these cases. The external
heat load has a greater effect on the cc ooling capacity in Designs A and C
than in Design B, but even with the former, a q. of as much as 1000 Btu/hr
decreases the cooling capacity only a few percent from that when qe m 0.
Thus, the use of a little insulation on the outside of the case should suf-
fice to prevent any appreciable reduction of net cooling capacity available
to the equipment. The greater importance of external heat load in Designs
A and C as compared to Design B is due to the difference in the manner of
transferring the external heat loads to t he fuel in the two types of design.
In Designs A and C, the external heat load is first transferred from the
outer shell to the air. It is then transferred through the tube surface to
the fuel, thereby increasing the heat flux through the tube surface over
that where q% - 0. Clearly then, as qe increases, for operation at constant
air flow rate and constant (tai-tfl), the value of qc must be reduced no-
ticeably. In an exchanger such as Design B, the external heat load is trans-
ferred directly from the outer shell to the fuel. Its only effect on the
internal operatio ns in the fiel-cooled equipment case is to increase the
temperature rise of the fuel, which also occurs in Designs A ard C. Since
the heat flux through the tube surface is changed only slightly by the small
change of fael temperature, the cooling capacity at constant (tal-tfjl) is
changed but little with changing qe.

Figure 11-8 shows the effect of external heat load on the cooling per-
formance of a Design B heat exchanger for two air flow rates. It is clear
that a constant cooling capacity can be maintained for large changes of qe
with only small changes of (tal-tfl).

3. Temperature Level

The effect of temperature level on the performance of a fuel-
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cooled heat exchanger is shown in Figure 11-9. The same Design B heat ex-
changer is used as in Figures 17-5, -6, -7, and -8. The plot shows that
-while cooling capacity varies slightly with tenperature level, the variation
is only about five percent from the mean in the temperature range shown.
The slopes of the lines for Wa - 100 are different than for the higher air
flow rates, since the former are in the laminar flow region for air in the
tubes, while the latter represent turbulent air flow. The slight change in
cooling capacity with temperature level is due to changes of physical proper-
ties in both the air and the fuel. It is apparent, however, that the air
flow rate has much more effect on the cooling capacity than does the tempera-
ture level.

Figure II-10 shows the effect on performance of a change in temperature
level and the resultant change of external heat load. This plot is for an
exchanger of the Design A type, where air is in contact with the outer shell.
The external heat load is defined as described in the analysis, in terms of
an assigned value of bhx 1.5 Btu/hr-ft'-OF and t% - 5000F. As the tempera-
ture level is increased as marked by an increase of the entering fuel tem-
perature, the value of (t4i-tfl) required for a given cooling capacity is
reduced. This effect is due principally to the change of external heat load
with rising temperature level, As the temperature level is raised, the tem-
perature difference between the surroundings and the fuel-cooled case is
reduced, giving a smaller external heat load. This tends to give the smaller
(tal-tfl) for a given net cooling capacity, as noted.

4. Fuel Flow Rate

The effect of fuel flow rate on heat exchanger performance is shown
in Figure 11-31. An exchanger core of the Design A type is used, with de-
tails indicated in the figure. Both the fuel flow rate Wf and the fuel tem-
perature rise tf are shown as a function of the temperature difference
(ta-itfl). For the conditions of evaluation, the fuel flow rate has almost
no effect on the temperatare difference (ta tfl) until a very low flow rate
is reached. At low flow rates, there are low heat transfer coefficients on
the fuel-side of the exchanger. This requires a large temperature to trans-
fer the qf - 700 Btu/hr to the fuel. It is assumed here that all of the
generated and external heat loads are transferred through the tube surface.
Thus, the case applies where no fuel pump is used, or where (1/2qmf) is neg-
ligibly small (see equation 11-7). It is apparent that low fuel flow rates
require high temperature rise of the fuel, as indicated by the dashed curve.
There are therefore two penalties of operation of a fuel-cooled equipment
case at low fuel flow rates. First, the air temperature in the case in-
creases, and hence the equipment temperature must increase (see equation
ii-ii). Second, the fuel temperature rise may become excessive. Good de-
sign can be achieved by using a fuel flow rate high enough that (tal-tfl) is
relatively unaffected by changes of Wf, and at the same time high enough to
give a suitably small value of atf.

The erfects of fuel flow rate on performance of a Design E heat ex-
changer core are shown in Figure 11-12. The results are qualitatively the
same as those of Figure II-Ul. Plots are shown for several air flow rates.
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The plot clearly shows that the air flow rate has more effect on the per-
formance than the fuel flow rate, unless the latter is very low. As expected,
a decreased afr~flow rate requires increased (tal-t1) for a given heat
transfer rate to the fuel.

The design of the fuel side of the exchanger is quite flexible, pro-
viding a high flow velocity is maintained to give a high film coefficient.
This can always be accomplished by arranging the fuel headers to give a long
flow passage of small cross sectional area. The weight of fuel per hour must
also be high enough to keep the fuel temperature rise within the limits which
might be specified by the fuel-system designer. For the applications con-
sidered here, it appears that the fuel temperature rise can always be kept
within 50 to 100F. Separate analyses show that film coefficients of the
order of 500 Btu/hr-ftV-0 F can be developed in all the types of designs given
and yet keep the fuel pressure drop under 5 psi. For a proper fuel side de-
sign for systems of Design A and B, the fuel flow rate may be varied 100 per
cent from the design conditions without changing the fuel-air temperature
difference more than 2 percent. Even less change in performance is noted
when the exchanger is also operating with a low air flow rate.

5. CEaqarison of Designs

As mentioned earlier in connection with Figure II-5, the optimum
operating condition from the standpoint of-minimum (tal-tfl) for a given
cooling capacity lies on the envelope to a series of plots for constant air
flow rate. It is possible to compare different heat exchanger designs by
constructing such an envelope for each. A comparison of this lpe is given
in Figure 11-13 for three heat exchanger cores, all Design A, but using dif-
ferent longitudinal pitches for the fuel tubes. It is apparent that for a
given cooling capacity the design with the shortest longitudinal pitch gives
the best performance, s ince it can provide the lowest air temperature. This
would be expected from the fact that the core with the shortest pitch has
more tubes and hence a greater surface area. As described earlier, the air
flow rate required for a given combination of q and (tal-tfl) is that which
gives a performance line (as In Fijpre 1I-5) which is tangent to the plot of
the envelope curve at the desired point. All of the curves plotted in Fig-
ure 11-13 represent heat exchanger cores of th¶ same dimensions and over-all
volu~e. The volume is shown as VH - 274.5 in.'

A similar comparison is given in Figure II-1 4 for heat exchanger cores
such as Designs A, B, and C, and for two different heat exchanger volumes in
each design type. The volume values are shown simply because they indicate
the amount of space used up by each heat exchanger core within the fael-
cooled case. Such space is lost in the sense that it is not available for
equipment installation. The Design B exchangers appear on the average to
give superior performance, since they do not impose the external heat loads
on the tube heat transfer surface, but transfer external heat directly to the
fuel. The tube heat transfer surface is therefore used only for the transfer
of the internal or generated heat loads. The external heat loads for Figure
11-14 were determined by the convention of using hx - 1.5 and ts - 5000F.

The effect of the external heat load on optimum performance character-
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istics is shown in Figure 11-15. Heat exchangers of Design A and B are
considered. The external heat loads are defined in terms of two different
values of h. and corresponding values of t.. This actually does not corn-
pletely establish the magnitude of the external heat load, since hs, the
heat transfer coefficient on the inside of the outer shell, must still be
calculated for each case (see equations 11-2, -3, and -4). However, it is
obvious in a qualitative sense that the external heat load for h, - 3.0 and
ts - 660'F must be somewhat larger than when hx - 1.5 and ts u 5-O0 F. Fig.-
ure 11-15 therefore shows that a Design B exchanger is less sensitive to
external heat loads than a Design A exchanger, insofar as optimum perform-
ance characteristics are concerned.

Figure 11-16 presents a comparison of the performance characteristics
for a large number of heat exchangers, expressed in terms of the heat trans-
ferred to the fuel per unit volume of heat exchanger core. A similar com-
parison is given in Figure 11-17 expressed in terms of the net cooling ca-
pacity available to the installed equipment per unit volume of heat exchanger
core. In both figures the data are based on a value of tal a 300OF as usual,
except for the single plot representing Design D. This is based on tfl -
200FP. Since the air temperature is somewhat above the fuel temperature, the
plots for Design D are roughly comparable with the others. Figure 11-17
shows the Design B heat exchanger cores to be somewhat better than the others
from the standpoint of cooling capacity per unit volume at given temperature
conditions. The only other design type which compares favorably with Design
B is Design D, which uses fins to extend the surface area on the fuel tubes.

Comparisons of performance based on the weight of the heat exchanger
core are given in Figures 11-18 and -19 for Designs A and B. The weighs
of the heat exchangers are calculated for a fuel pressure of 300 lb/in.• At
this pressure, using al3nminum construction, stresses are held to an acceptable
level with 8-gage (0.128 in.) wall thicknesses for the inner and outer shells
in Design B. For Design A, shells of 30-gage (0.010 in.) aluminum are used.
As described earlier, tubes of 3/16 in. outside diameter and 0.007 in. wall
thickness are used for both design types. The weights calculated are for
inner and outer shells, tubes, and fuel headers only.

Figure 11-19 shows that Design A is considerably superior to Design B
on the basis of cooling capacity per unit weight for a given temperature
condition. It can therefore be concluded that Design D would be the best
from the standpoint of both weight and volume requirements. It was shown
in Figure 11-17 that Design D is about equal in performance to Design B on a
volume basis, and it may be deduced from comparing Figures 11-2 and -3 that
Designs A and D would have similar weight characteristics. Therefore, al-
though the lype core wherein fuel is in contact with the outer shell is su-
perior in performance on a volume or size basis, the difference can be made
up for designs with air in contact with the outer shell if extended tube
surfaces are used. The latter are therefore to be preferred because of
their light weight.

Table II-1 shows the cooling capacity per unit volume and per unit
weight that might reasonably be expected for systems of the type presented
here. It is emphasized that these values are not necessarily the best pos-
sible of attainment, but are representative for their types. In Table II-1,
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SZo.CONRDENTIAL
Table II-1

Summary of Heat Exchanger Performance Characteristics

(qgin.3) (qf/in.3) (qVlb) (qftlb)

(tal-tfl) 15 25 15 25 15 25 15 25

Design A o.5 1.6 5.1 9.6 110 320 1025 1880

Design B 0.8 1.9 15 23.2 15 30 170 307

qc is expressed in watts, while qf is expressed in Btu/hr.

Exchangers of Design B, sketched in Figure 11-3, appear to have no ad-
vantages over the other designs. Such a configuration has the distinct dis-
advantage that the air is forced to circulate through long tortuous paths
around the heat exchanger. Hence, extremely high pumping power is required,
or else unusually large cross sections of the heat exchanger are necessary.
The latter results in extremely low values of cooling capacity per unit
volume. Passing the air parallel to the axis of the case. as in all other
designs, gives a much larger air flow area for the same size of exchanger.

6. Air Pressure

The effect of air pressure on the cooling performance of a fuel-
cooled case has not been shown in any of the data presented. It is possible,
however, to indicate the influence of air pressure on performance without
resort to calculation. By the equation of state for perfect gases, the
density of air is inversely proportional to the pressure, and it is because
of the effects of density that the air pressure is important.

A fixed design of fuel-cooled case is considered first, equipped with a
motor and fan operating at constant speed. In such a system., the fan or
blower circulates air at a sabstantially constant volume rate. If the air
density changes, and the flow is turbulent, the power requirement for cir-
culating the air varies almost directly as the density of the air. A de-
crease of density then results in lowered air power requirements, and con-
versely. However, the weight flow rate also decreases, giving reduced air
heat transfer coefficients throughout the sstem. In general the heat trans-
fer coefficients do not change as rapidly as the density. As the density of
air decreases in such a system, the tendency of the reduced power requirement
is to reduce the temperature difference required between the equipment and
the fuel to dissipate the Mrstem heat loads. At the same time, the tendency
of the reduced heat transfer coefficients is opposite to this and would pre-
dominate in all instances of good design mhere the air pumping power would
represent a small percentage of the not cooling capacity. The effects are
reversed for an increase of air density.

In a sstem where the air flow in the heat exchanger is laminar (as in
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a core where the air flows through tubes with Re < 2300), there is theoreti-
cally no change of circulating power requirement for changed air density.
The heat transfer coefficients are changed, however. As the density de-
creases, a greater temperature difference is required between the equipment
and the fuel for a given cooling capacity, and conversely. The effects of
varying air pressure on the performance of a system can be determined quanti-
tatively by calculations of the type given in Appendix D to this Section.

It is next supposed that the system is not already established, and
that it is desired to design for a constant net cooling capacity available
to the equipment, and a constant temperature difference between the equip-
ment and the flael. The air heat transfer coefficients remain unchanged so
long as the weight rate of air circulation is constant. For turbulent flow
with a substantially constant friction factor, a constant weight flow rate
is maintained if the volume flow rate is proportioned inversely to the air
density. It therefore follows that the power required to circulate the air
varies inversely as the square of the air density. Therefore, if the density
of the air is reduced, the air flow volume must be increased in a greater
than inverse proportion to the density ratio, so as to provide higher heat
transfer coefficients to accommodate the increased total of equipment and
circulation power heat loads. For laminar flow, the variation required in
air flow volume for changing air density is the same as for turbulent flow
with a substantially constant friction factor. If the air density is in-
creased, the air flow volume may be reduced in more than inverse proportion
to the ratio of densities, since the circulation power requirement is reduced,
and smaller heat transfer coefficients are suitable.

From the design standpoint, a Wstem may be operated with low power re-
quirements for a given cooling effect if high air densities are involved.
It is therefore more feasible to design a fuel-cooled case for operation in
a dense-air environment than in a rarified atmosphere. If the compartment
in which the case is located is exposed to low pressures at high altitude,
it would be preferred to use a sealed case containing a more dense atmosphere.

APPENDIX A TO SECTION II

Nomenclature

Definition Units

A& Net free flow area for air ft 2

Af Net free flow area for fuel ft 2

An Annular cross-sectional area between 2
inner and outer shells

AO Heat transfer area based on outside
dianeter of tbbes ft 2

Ax Heat transfer area on outside of outer 2
shell of the casing
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Symbol Definition Units

Cf Specific heat of the fuel Btu/lb-OF

Cp Specific heat at constant pressure Btu/Jb-OF

D Diameter ft

De Equivalent diameter defined where used ft

Di Diameter of inner shell of the heat
exchanger ft

Do Diameter of outer shell of the heat
exchanger ft

dsh Equivalent diameter for heat transfer
on air side (Design C) in.

dep Equivalent diameter for pressure loss
on air side (Designs A and C) in.

defp Equivalent diameter fwr pressure loss
on fuel side (Design B) in.

dti Inside diameter of tubes in.

dto Outside diameter of tubes in.

f Darcy friction factor dimensionless

G Weight flow rate of air based on
Aa. Ga (Wa/.) lb/lw-ft 2

g Gravitational constant - 32.2 ft/sec2

he Convection heat transfer coefficient
on inside of outer shell Btu/hr-ft2-°F

hi Convection heat transfer coefficient
on inside of tubes Btu/hr-ft 2 -°F

ho Convection heat transfer coefficient o.
on outside of tubes Btu/hr-f--

hx Convection heat transfer coefficient
on outside of outer shell Btu/hr-ft2-oF

JH Correlation factor for heat transfer
coefficients dimensionless

k Thermal conductivity Btu/hr-ft-_F
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SDefinition Units

L T..rnbh of the fuel-cooled case ft

Length of fuel passage (Design B) ft

n Number of tubes in the heat exchanger
care dimensionless

n' Number of parallel paths formed by tubes dimensionless

N Number of times the fuel in a single
passage traverses the core length (De-
sign C), or number of times it encir-
cles the case (Designs A and B) dimensionless

Pa Average air pressure ib/in. 2

aPa Pressure drop of air through heat
exchanger core in. of water

APf Pressure drop of fuel through heat 2
exchanger core lb/in.

PL Longitudinal pitch of tubes tube diameters
(dimensionless)

Pt Transverse pitch of tubes tube diameters

(dimensionless)

Pr Prandtl modulus, air dimensionless

Prf Prandtl modulus, fuel dimensionless

qC Net cooling capacity required by equip-
ment (heat generated by equipment) watts

qe External heat load to fuel-cooled case Btu/hr

qf Total heat load to fuel Btu/hr

qM Power required to circulate air and
fuel through the heat exchanger core watts

qMa Power required for air circulation only watts

qMf Power required for fuel circulation only watts

Re Reynolds modulus for air dimensionless

Rep Reynolds modulus for air pressure loss
calculations dimensionless
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4ONDENTLAL-
_____ Definition Units

Ref Reynolds number for fuel dimensionless

Refp Reynolds number for fuel pressure
loss calculations dimensionless

r Number of rows (transverse) of tubes dimensionless

tal Temperature of air entering beat ex-
changer core OF

tam Arithmetic mean air temperature in
heat exchanger core OF

tfl Temperature of :Mel entering heat
exchanger core OF

tf ]aArithmetic mean fuel temperature in
heat exchanger core OF

Ata Temperature drop of air through the
heat exchanger OF

6tf Temperature rise of fuel through the
heat exchanger OF

to Representative temperature for the sur-
roundings of the fuel-cooled case OF

tshell Temperature of the outer shell of the
heat exchanger OF

Uo Over-all coefficient of heat transfer
between air and fuel, based on outside
surface area t/rf2o

Ux Over-all coefficient of heat transfer
between the surroundings and the fluid
inside of the outer shell of the heat
exchanger Btu/hr-ft 2-°F

U Velocity of fluid ft/sec

ue Velocity of fluid after exit from a tube ft/sec

VH Volume of a heat exchanger core in. 3

Wa Air flow rate ib/hr

Wf Fuel flow rate ib/hr

X Length of the heat exchanger core in.
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Symbol Definition Units

Xf Length of the fuel passage (Design A) in.

T Substitution function

a Ratio of cross sectional area filled
with trbes to the annular cross sec-
tional area of the heat exchanger dimensionless

7a Density of air lb/ft 3

Yf Density of fuel lb/ft 3

Qas@b Temperature difference between air
and fuel lb/ft-lr

aim Logarithmic mean temperature difference

between fuel and air OF

- Viscosity of air lb/ft-hr

,Af Viscosity of fuel lb/ft-hr

Aw Viscosity of a fluid at a surface
temperature lb/ft-lr

cle Effectiveness of equipment as a heat-
exchange device, defined by equation
(11-10) dimensionless

Correlation factor for pressure drop
in flow across banks of tubes dimensionless

APPENDIX B TO SECTION II

Summary of Heat Transfer and Pressure Drop Relationships for Heat Echanger
Cores

The basic equations describing heat transfer coefficients and pressure
drop in the various heat exchanger cores are summuarized here. References
are given to indicate the sources of the data. An example showing the in-
corporation of these basic equations into a performance evaluation is given
for Design A in Appendix C to Section II.

1. Design A. Fuel in Tubes, Air in Crossflow Over Tubes

The heat transfer coefficient fcr flow of fuel through the tubes
is determined from a plot of the factor JH versus the Reynolds number defined
as Ref - (dtiff/12aAfAf) (Ref. 11-2). This is based on an original correla-
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tion by Seider and Tate (Ref. II-1). The factor is given by

JR a •--- r -11 -0.14

_r ,IAW(Pr~(~) (11-12)

and in the present work the factor (.wAp)'O'14 is taken as unity. The in-
side heat transfer coefficient is therefore

hi - JH 1 (k P/3)f (11-13)

in the farm subsequently used for calculation. A plot of the factor JH is
given in Figure II-20, where it is necessary to know the length-to-diameter
ratio of the tubes if the fuel flow is in the Iamin-- or transition regions.
Values of the combined physical properties (kPrl/3 )f are given for a range
of temperatures for JP-3 fuel in Figure 11-21. They should be evaluated at
the mean bulk temperature of the fluid.

The pressure drop for flow of fuel through the tubes is found from
equations wbich allow for the loss at entrance to the tubes, loss in the
tubes, and loss at exit from the tabes. For an abrupt tube entrance, the
pressure loss is given by (Ref. 11-3),

entrance loss a 0.5 oe )• (11-14)

The pressure loss through the tubes is given by the Darcy law for pipe fric-
tion as (Ref. 11-3)

tube loss a (II-15)

The friction factor is a function of the Reynolds number and may be taken
from Figure 32-22. This is replotted from the Moody chart of friction fac-
tors (Ref. I1I-4), using a relative roughness of 0.0001. The pressure loss
at exit of the fuel from the tabe is given by

exit loss a ( (_Ue) 2 (31-16)

For simplicity, it is assumed that the velocity or exit ue is about one-half
that in the tubes, which gives

exit loss - Y-)( 0.25) (11-l?)

The over-all pressure drop is then

APf ) (•)(•)[(;i ) + 0.75] (11-18)
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This is subsequentv simplified further for use in a calculation procedure
(se example of Appendiz C to Section II).

The heat transfer coefficient for air in crossflew over the tubes to
determined using a plot of the JH factor which applies to such a configura-
tion. A plot of this tpeis given inFigure II-23, and is tan from
Reference (II-5). By this correlation the heat transfer coefficient is given
by,

12R (k VIA/)a (11L49)

where 3H is given as- a function of the Reynolds number, defined for this
purpose as

He. dto Wa (33-20)

The fluid properties (k Pr3/3) are given for air in Figure 32-24. They are
evaluated at the mean bulk temperature of the fluid.

The pressure drop of the air in croselow over the tabes is calculated
using a correlation of Gunter and Shaw (Ref. 3I-6). Their method employs a
friction factor • defined in appropriate units as

P I o.6
S 2 ,17•.09 [a [ aftI o](• 6) (.)0•4 (31-21)

where dep is an equivalent diameter for tube bundles, defined as

dep . (Q x net free volume)(in. 3) (I-22)
(friction murface)(in. 2 )

Values of the factor $ are given as a function of the Reynolds number in
Figure II-25, where the Reynolds number is defined as

Rep do Wa (11-23)

The equation defining the friction factor $ is solved for a Pa, the pressure
drop.

Another heat transfer coefficient of interest in Design A is that at
the inside surface of the outer shell. This is important in determining the
external heat transferred into or out of the casing. An equation for the
heat transfer coefficient for flow of a fluid past a flat plate is used for
this purpose. A suitable equationis (Ref. 31-7)

Ibll 0.I28 n L Wa\ iN 8 l ii (11-24)
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Another coefficient of interest is that on the outside of the case* The
type of coefficient to use for this application depends on the compartment
conditions external to the case. These conditions are not considered in any
detail here, so that a value of h. which is appropriate for free convection
and radiation is estimated. An example of thia is given in Appendix C to
Section II.

2. Design B. Air in Tubes, Fuel in Crossflow Over Tubes

The inside heat transfer coefficient for flow of air through the
tubes is determined by equation (11-13). The fluid properties should be
those of air rather than fuel. The pressure drop for air flow is found
using an equation similar to (n,-18).

The heat transfer coefficient on the fuel side can be calculated using
the crossflow equation (11-19), except that the fluid is now fuel instead of
air. Similarly, equation (1I-21) is used to find the pressure drop. All of
these cofrelations for Design B are in a form which permits evaluation of
the fluid properties at themean bulk temperature of the fluid, since the
viscosity ratio ('/uw)-O-LL can be neglected.

The outer casing heat transfer coefficients are found by the same gen-
eral method as in Design A, equation (II-24), using fuel properties instead
of air properties.

3. Design C. Fuel in Tubes, Air in Parallel Flow Over Tubes

For the fuel inside thetubes, the heat transfer coefficient is
found by equation (11-13), and the pressure drop by equation (11-18).

For the air flow parallel to the outside of the tubes equation (11-13)
is used as before, but it is necessary to replace the tube diameter with an
equivalent diameter. The equivalent diameter for this purpose is that which
is appropriate to the heat transfer process and is given by

%~h - C(4 x net free cross-section)(in. 2 )
(wetted perimeter of tubes only)(in.)

This is used in equation (11-13) in the form

S- J H V (k fli/3)a (11-26)

where ho is the external film coefficient for flow of air parallel to the
outside of the tubes.

The pressure drop for air flow parallel to the tubes is found with an
equation similar to that given earlier.

""Ta + .5 (11-27)
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where xa is the length of the air flow passage parallel to the tubes. This
equivalent diameter for pressure loss is defined as

- 4 x net free cross-section
"e total wetted perimeter

where the area and length values must be expressed in in. 2 and in., respec-
tively. The friction factor is found from a Moody chart, using a Reynolds
number based on this same dep. It is not possible to make as accurate a de-
termination of entrance and exit losses here as in the case of straight
tubes. As an estimate 1.5 is used to allow for entrance, exit, and turning
effects.

The heat transfer coefficients for the outer casing require no special
treatment in Design C, since they may be found by the same method as in De-
sign A.

4. Design D. Fuel in Tubes, Air in Crossflow Over Tubes. Tubes
Flattened and Finned on the Air Side

The heat transfer coefficient for fuel flow inside a flattened
tube may be approximated with a standard equation of the form (Ref. 11-5,
p. 165)

o 0.023 k ()o 8 (Pr). (11-29)

which is suitable for Re > 10,000. The equivalent diameter is defined as

D9 ( x cross sectional areal(ft 2 ) (113)
(wetted perime )(ft)

where the cross sectional area and perimeter refer to values on the inside
of the flattened tube. The Reynolds number should also be based on this
equivalent diameter, being defined as

- 1uD*

Re Y ----- (11-31)

The pressure drop for flow of the fuel may be found as in Design A, by
equation (11-18) using the equivalent diameter of the flattened tube in place
of the diameter of the round tube, both in the pressure drop equation and in
finding the friction factor.

The heat transfer coefficient for thtar side may be found from data
(Ref. 11-8) giving a plot of (haGcp)(Pr)Z/3 versus the Reynolds number based
on an equivalent diameter, for orosaflow over a finned-tube surface. After
determining the Reynolds number and the fluid properties, the heat transfer
coefficient is computed directly from the plot. Friction factor data are
also available (Ref. 11-8) which can be used to calculate the pressure drop
for air flow, using the Darcy equation. The data as presented, are actually
Fanning friction factors, however, and must be multiplied by four before

0
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using them in the Darcy equation. The entrance and exit losses are neg-
lected for this beat exchanger core, as they would probably not be signifi-
cant compared to the pressure loss in the core itself.

The heat transfer coefficient for flow of air over the inner surface of
the outer casing is taken as equal to that for crossflow over the flattened,
finned tubes. The fins are assumed to extend nearly to the outer casing, so
that the flow situation is approximately the same in both cases.

5. Design E. Fuel in Tubes, Air in Crossflow Over Tubes

The basic equations describing heat transfer and pressure drop in
this case are the same as for Design A. The two designs differ only in de-
tails of arrangement which do not affect these basic relationships except
in their application. An example of applying the basic relationships is
given in Appendix C to Section II.

APPENDIX C TO SECTION II

Evaluation Procedures for Heat Exchanger Cores

In the following, evaluation procedures for Designs A, B, and C are
given as examples of calculations necessary to determine the temperature dif-
ference (tal-tfl) for a given case of specified cooling capacity.

1. interpretation of Calculation Items in Procedure for Design A

Certain items given in the following procedure for Design A are
here explained for purposes of clarification. Similar considerations are
employed in establishing the other calculation procedures given for Designs
B and C. The items of corresponding numbers in the procedure for Design A
are explained below.

(2) The diameter of the inside shell Di is determined by allowing for
one-half transverse pitch from each shell (inner and outer) to the center-
line of the nearest tube.

(4) The minimum free flow area Aa through the annular space outside of
the tubes is the difference between the gross annular area A. and the pro-
jected area of the fuel coils.

(5) The length of the exchanger core x allows for an entrance and exit
port at each end of the cylinder, equal in cross-section to the minimum free
flow area within the exchanger (Aa).

(7) The number of times N the fuel spirals around the shell before
entering the discharge header depends on the number of parallel fuel paths
n', the number of rows r and the longitudinal coil spacing pLdto.

(8) The heat transfer area Ao is based on the outside surface area of
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the tubes, neglecting the effect of the helical winding on the length of the
tubes.

(9) The area for heat transfer to the casing from its surroundings Ax
is based on the assumption that no heat is transferred through the ends of

the cylinder*

(Ii) The assumption that tfa is 5°F greater than tal is usually satis-
factory.

(15) The length-to-diameter ratio of the fuel tubes may be required to
find hi if the flow of fuel is in the laminar or transition regions. It is
also required to find the fuel pressure drop.

(16) and (17) The heat transfer coefficient hj is based on equation
(I1-13). Figure 11-20 is used to obtain JH, and fluid properties are evalu-
ated at the mean bulk temperature of the fuel from Figure 11-21.

(19) The pressure drop of the fuel APf, is calculated from equation
(11-18), transformed by substitution of known variables and combination of
constants.

(20) The power qW required to pump the fuel is given in watts. The
motor and pumR efficiencies are 50 percent each, and a standard fuel density
of 46.4 lb/fti (about 150°F temperature) is used.

(22) The first assumption of tam may be made by estimating the heat
given up by the air as 1.2qc, the value of Uo between 10 and 30, and the
mean fuel temperature about 5OF above tfl. Then by approximation, tam-
[(3.4L3xl.2q 0 )/Ao]+tfi+5.

(26) and (27) The heat transfer coefficient hb for air in crosaflow
over the tubes is calculated from equation (11-19).

(28) The over-all beat transfer coefficient Uo from the fuel to the air
is calculated from equation (11-9).

(29) and (30) The coefficient for forced convection h, over the inside
surface of the outer shell is computed using equation (II-24), where the
group of p1~sical properties of air are given as function of the air tem-
peratare in Figure 11-24. These properties should actually be taken at the
man film temperature, requiring an estimate of the outer shell temperature.
From the environmental conditions it must be estimated whether the shell
temperature would be greatly different from tam. The accuracy of the as-
sumption made in item (29) has little bearing on the accuracy of % and
(tel tfl) subsequently computed.

(31) The surface coefficient on the outside of the equipment case hx
is taken as the sum of the radiation and convection coefficients at the sur-
face. This is used together with a characteristic temperature for the sur-
roundings to estimate the external heat load to the cooled equipment case.
Methods for calculating free convection and radiation heat transfer coeffi-
cients are given in Section V. If several cores are to be compared in per-
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formance, they can be analyzed on the basis of some reasonable estimated
values of ts and hz.

(32) The over-all coefficient of heat transfer Ux from the surroundings
to the air in the cooled equipment case is calculated from equation (1l-h).

(33) The external heat gain, in Btu/hr, is given by equation (11-3).

(34). The equivalent diameter for purposes of calculating the air pres-
sure loss through the row or rows of tubes is calculated from equation
(11-22).

(35) The Reynolds number for the air flow is based on the equivalent
diameter and equation (11-23).

(3) The weight density -Ya of the air is calculated from the perfect
gas law, where the mean bulk temperature and pressure are used, since this
density is involved in calculating the pressure loss across the heat ex-
changer core.

(37) and (38) The pressure drop of the air in crossflow over the tubes
,is calculated from equation (11-21). The value of 0 is taken from Figure
11-25 and the pressure drop aPa is in inches of water.

(39) The power required for the air circulation qRis given in watts.
The motor and fan are each assumed to be 50 percent efficient. The power is
evaluated at the air density corresponding to tal (because of the position
of the fan). The value of tl is the last item calculated in the procedure,
and must be estimated here, However, a few degrees variation in tal does
not affect qMa appreciably. The estimate may be based on theassumed value
for tam+ ta/2, the latter being approximated by l1"Wa (see item 45).

(40) It is assumed that the same motor drives the fan for the air and
the fuel pump. Therefore, the total motor power requirement is qM - qMf+qCa.

(41) The total heat added to the fuel, in Btu/hr, is given by equation
(II-5).

(42) The logarithmic mean temperature difference required to transfer
the heat added to the air through the coil surfaces to the fuel is determined
from equation (11-7).

(45) The air temperature rise A ta through the equipment and fan is
found from equation (11-6), using cp w 0.24.

(46) and (47) By definition, the logarithmic mean temperature difference

is

(G - Qb)

loge (')

If a counterflow arrangement is used, Qa a (tal-tf2) and % - (ta2-tfl)
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therefore

01 - (ta,7-t•) - (ta2-tfl)
0l04 ( ((taJ7tf2)+TfJ~tfllo" (t'ti-tf )+tn-tn

or ( Ata- At f )

loetal~tfJl Ma)

letting (Ate r~t~f

linel

(ta.-tfi) M I '- 1"

(48) This last item, the arithmetic mean air temperature tan in the
heat exchanger, is used to check the accuracy of the assumed value of tam in
item (22). The procedure must be repeated from item (22) on until good agree-
ment is achieved, i.e., at least within 30°F of the value for tam assumed in
item (22).

2. Procedure for Design A

1. Given data:

Exchanger dimensions Operating conditions

Do dti --.... t

L - PL -.. a to

r Pt -w W.f

2. Calculate Di - Do - (2r pt dto)/U

3. Calculate An w 0.785 (D 2 2~

24. Calculate A. w n Id1 (p%,l1

5. Calculatexw12( a

6. Calculate VH 1 ½An x

7. Calculate N xrdto pL n'
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0.1411 xr Dn DL8. Calculate Aa - I .o

9. Calculate Ax - m0o L

10. Calculate Af - 0.785(dti)
2 n'

3l. Assume tfm

12. Find Af at assumed tm from Figure 11-21.

13. Find (k PL/3)f at assumed tfm from Figure 1-21.

14. Calculate Ref dti Wf

15. Calculate . 12RN

16. Find JH at Refaand (xf/dti) from Figure 11-20.

17. Calculate hi - JH (12/dti)(k pr/3)f

18. Find f at Ref from Figure 11-22.

19. Calculate Apf a 1.80xO- 1 3 (wf/Af) 2 [(fxf/dtl)+0.75]

20. Calculate o~f a

21. Calculate (Ca/Aa).

22. Assume tam.

23. Find -afor assumed tam from Figure 11-24.

24. Find (k PrV3) for assumed tam from Figure 11-24.

dtWa
25. Calculate Re -

26. Find JH for in-line tubes at Re from Figure 11-23.

27. Calcuate - JH (12/dt)(k pr13)
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28. Calculate Uo 1 dt°

k PrI3 tshell + tam
29. Find •xO. at an assumed -... 2.. from Figure II-24.

0O.028\ O.& 0r 8'

30. Calculate hc, ) * (kp2A½)

31. Calculate-or assume h1 .

32. Calculate Ux 1 1 1 -

33. Calculate qe - Ux Ax (to-tam)

34. Calculate d m ,,5PV 1
ep2

35. Calculate Rep d

Pa 11414
36. Calculate Vg

37. Find 0 at Rep from Figure 11-25.

38 Calculate AP, - aP (a 2 (
39. Calculate qm (Wa APa )(460 +tal)

40. calculate qM - 4~ ql~f

41. Calculate qf - qe + 3.413 (qc + qM)

4j2. Calculate Gl = qf - 3.1413 (3/2qmf)
UO Ao

43. Calculate cf - 0.44 + 0.066 (tp/loo) for JP-3 fuel.
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414. calculate Atf - (qf/cf Wf)

4 5e calculate At. - 114.2 (%0 + q + l/2q~)
Wa

46. Calculate I - •

47. Calculate (tar-tfl) = U Y- :..

148. Calculate ta-m - tfl + (tal".tfl) - 1L/2(,&%)

If item (148) is within 3.0 F of item (22), (tal-tn) would change
less than one percent by recoaputing from item (23) on.

3. Procedure for Design B

1. Given data:

Exchanger dimensions: Operating conditions:

Do di . t 1  -

L -- Pa - to-
r pt _a - Wf.

dto - N

2. Calculate Di (see.DesignA)

3* Calculate An (see Design A)

4. Calculate n- 18.86 r (D .i)
PL dto

5. Calculate 
(d~t) 2 n

6. Calculate x -.12 L- 0 5

7. Calculate VH - 4An x

8. Calculate Ao n ]J4/n

9. Calculate Ax (see Design A)

10. Calcula Af = do (p1 r
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11. Assume tfa (see explanation item Ui, Design A)

12. Find ...Uf at assumed tm from Figure 11-21.

13. Find (k prl3)f at assumed tfm from Figure 11-21.

114. Calculate Ref a d.t 4 Wf

15. Find JH at Ref far in-line tubes from Figure 11-23.

16. Calculate ho w SH (12/dt)(k &1/3)f

184 A1-n(dto)
2

17. Calculate P = 2(Do4i)n+

18. Calculate Rep -, dt°

'LP to

19. Find % at Refp from Figure 11-25.

20. Calculate If - (n/2)(Di+.o)N

21. Calculate APf -
(Wf/½2)2(P)0°

6

2x c .u 2•-33.3• (dfp)c.6(p.)(db_-

Wf A Pf22. Calculate qM"f - =

23. Calculate (W"Aa)

24. Calculate (x/dti)

25. Assume tan (see explanation for item 22, Design A)

26. Find sA at tal from Figure 11-24.

27. Find (k Pro/) at tam from Figure 11-24.

28. Calculate Re- dtiMa

29. Find JH at Re and (x/dti) from Figure 11-20.

30. Calculate hi - JH(12/dti)(k pr1/3)

31. Calculate Uo (see item 28, Design A)

32, Find (k *Pr:L/)f and.,~ at an assumed (t,3hel+tfm)/2 froml
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Figure 11-21. (See explanation for item 29, Design A.)

33. Calculate h 0.028 (w 0.8 (k f/3)f

34. Calculate or assume hx.

35. Calculate Ux (see item 32, Design A)

36- Calculate q.e-UxAx (ts-tfM)

37. Find f, at Re from item 28, from Figure 11-22.

38. Calculate 'a (see item 36, Design A)

39. Calculate APa 2a 3 °-z (K)2Q' + 1-5)

40. Calculate qMa (see item 39, Design A)

41. Calculate qm (see item 40, Design A)

42. Calculate qf (see item 41, Design A)

43 clcle - q--3.413(V2qf)•. c~~te z.- ,. -AO

44. Calculate cf (see item 43, Design A)

-5. Calculate Atf (see item 44, Design A)

46. Calculate Ata (see item 45, Design A)

4i7. Calculate T (see item 46, Design A)

48 . Calculate (tal-tfl) (see item 47, Design A)

49. Calculate tam (see item I48, Design A)

If item (49) is within 30OF of item (25), (ftal-f8) would change
less than one percent by recomputing from item (2 ) on.
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4. Procedure for Design C

1. Given data:

Erchanger dimensions: Operating conditions:

-o dt --- tct -,

L - - a - tP -to

r - Pt-- wa - Wf -

dro N

2. Calculate -D (see Design A)

3. Calculate An (see Design A)

4. Calculate n (see Design B)

5. Calculate Aa - - 2n

6. Calculate x (see item 5, Design A)

7. Calculate VH (see Design B)

8. Calculate AO (see Design B)

9. Calculate AX (see Design A)0.785 n(dtl~
10. Calculate A 0 144 N ..)2

11. Assume tfm (see explanation item 31, Design A)

22. Find ,tAf at assumed tfm from Figure 11-21.

13. Find (k prl/3)f at assumed tim from Figure 11-21.

14. Calculate Ref (see Design A)

15. Calculate (122/dti)

16. Find JH for Ref from Figure 11-20.

17. Calculate hi (see Design A)

18. Find f at Ref from Figure 11-22.

19. Calculate APf (see DesignA)

20. Calculate qW (see Design A)

21. Calculate (Wa/Aa)
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22. Calculate deh a W7--

23. Assume t= (see explanation item 22, Design A)

24. Find , for assumed tam from Figure 11-24.

25. Find (k Pr1/3) for assumed t. ftr Figure 11-24.

26. Calculate (z/deh)

27. Calculate Re h Wa

28. Find JH at Re from Figure 11-20.

29. Calculate ho a JH (12/deh)(k pr1/3)

30. Calculate Uo (see item 28, Design A)

31. Find (k PrJI/3)/,,91O8 at an assumed (t 5,he~+ta*)/2 from Figure
11-24. (See sexplanation for item 29, Design A)

32. Calculate he (see item 30, Design A)

33. Calculate or assume hx.

34. Calculate Ux (see item 32, Design A)

35. Calculate qe (see item 33, Design A)

36. Calculate dp 18D4 hi

(Re)dp
37. Calculate Re p ( hRe-d

38. Find f at Rep from Figure 11-22.

39. Calculate 7 a (see item 36, Design A)

40. Calculate APa (see item 39, Design B)

41. Calculate qM (see item 39, Design A)

42. Calculate qM (see item 40, Design A)

43. Calculate qf (see item 41., Design A)

44. Calculate Qi (see item 42, Design A)
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45- Calculate 4t& (see Design A)

46. Calculate cf (see item 43, Design A)

47. Calculate Atf (see item 144, Design A)

48. Calculate Y (see item 46, Design A)

49. Calculate (tal-tflI) (see item 47, Design A)

50. Calculate tam (see item 48, Design A)

If item (50) is within 30OF of item (23), (tal-tl) would change
less than one percent by recomputing from item (2 ) on.

APPENDIX D TO SECTION II
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SHCTICK III

A GENEAL SYSTEM FOR THE DErRMINTION OF TP RATURF-TIME
DISTRIBUTIONS IN AN AIRBORNE EQUIPENT

COPARTMI -AT. HDgH FLIGHT SPEED

By S. M. Marco

The determination+ of the taqerature of the components within an air-
borne equipment compartment at arw time during a flight is of importance if
the necessity for and effectiveness of cooling means is to be evaluated. A
general method for the determination of the temperature-time curves for such
equipment would also be useful in establishing the effectiveness of insula-
tion or other heat barriers located at various places within the compart-
ment.

The primary purpose of this Section is to describe a general method
for the determination of the temperature-time curves for the various pieces
of equipment in an aircraft compartment, taking into account in detail the
characteristics of the compartment. The method is intended to be applicable
mainly to the determination of the temperature rise of one critical equip-
ment box in the compartment containing components which may or may not gen-
erate heat and which may be sensitive to temperature rise.

For the purpose of this analysis the general heat transfer system
being considered may be assumed to consist of an aircraft compartment con-
taining the critical equipment box along with other non-critical components.
It may be assumed that at the beginning of the flight the temperatures of
all the parts of the system are known. As the flight is started and the
aircraft is accelerated to reach supersonic velocity, the compartment wall
is heated aerodynamical2y. At the same time the equipment box may be gen-
erating heat. For a time, heat may be flowing into the aptem from both of
these sources. The heat generated within the equipment box may be con-
sidered constant for the entire flight or variable according to some prede-
termined schedule depending upon the function of the equipment and the
method of its operation. The heat flow from the skin into the compartment
will, of course, depend upon the magnitude of the flight speed, the alti-
tude and existing thermal barriers. If no cooling means are employed, the
temperatures of the various parts of the heat transfer system will eventu-
ally approach equilibrium. provided the flight pattern is stabilized at a
fixed speed and altitude. The rate of temperature rise of arW individual
member of the heat transfer. system at anyr time will depend upon its thermal
capacity,* the conductance"= between it and its immediate surroundings and

*Thermal capacity of a body is the amount of heat required to raise its
temperature one degree.

"• The conductance between two bodies is the amount of heat that will be
transferred between them per unit of time and for unit temperature dif-
ference between them.
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the temperature difference between it and its Immediate surroundings. The
use of insulation on aw part of the system or the use of cooling means
will affect both the time rate of temperature rise at arq time and the
equilibrium temperature.

A heat transfer system corresponding to an idealized arrangement of an
airborne equipment compartment is defined. Features of thermal insulation
and cooling effects are included. The equations describing the thermal
processes of the aystem are set up in difference form to describe tempera-
ture changes with time in the non-steady thermal state. The criteria for
the selection of time intervals of proper length are developed. Computa-
tion methods are presented for calculating machine or slide rule work.
Equations for the determination of thermal capacities of composite bodies
and of thermal comductances in the three basic modes of heat transfer are
presented for a variety of possible cases and with particular reference to
the previously defined regions of the thermal system. The computation
methods and the application of the developed relationships are illustrated
by means of an example in which the temperature-time variations of the ther-
mal regions in a high speed aircraft compartment are calculated.

ANALYS IS

I. Choice of Method

A rigid mathematical description of the temperature-time relation-
ships involved in even a simple unsteady-state heat transfer system would
be extremely complex and would result in a set of simultaneous partial dif-
ferential equations with variable coefficients. To solve such a set of
equations would require the use of costly, specially designed computing ma-
chines. Thus it would be of little advantage to attempt a rigid mathe-
matical analysis unless such equipment were available. The use of such
equipment would be desirable principally when a given system is to be ana-
lyzed for a considerable range of each variable defining its operating con-
ditions. A simplification of the analysis by using only certain character-
istic temperatures rather than actual point temperatures to describe the
system would still result in a set of ordinary differential equations with
variable coefficients. These equations could be reduced to a single dif-
ferential equation of a high order and with variable coefficients. The
solution of such an equation would require special techniques which would
not be readily available.

Since a simplification of the method is necessary if ordinary computa-
tion methods are to be used, it is believed that the use of difference
equations along with a tabular computation method (Ref. 111-2) would best
suit the purposes of this problem. This method is based upon the fundamen-
tal premise that for a specified short time interval the transient system
may be treated as a steady-state system. Thus the temperature rise of a
given member during the specified time interval may be computed in the same
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way that awy steady flow system is computed. The temperatures at the end of
that time interval can then be used as the initial temperatures for the next
time interval.

In applying numerical analysis to heat transfer problems, the first
step is to subdivide the physical system into a number of regions, for each
of which a representative temperature may be used to describe the thermal
situation. Thin process calls for some judgement. If the subdivisions are
too crude the accuracy may be low. On the other hand, if the subdivisions
are too numerous, time will be wasted in obtaining a degree of accuracy not
warranted by the data or by the practical application of the solution.

2. Description of Heat Transfer Sysem

The subdivisions of the beat transfer system to which the compu-
tation method is to be applied are shown diagrammatically in Figure III-l.
The physical system consists of an aircraft cospartment which may or may not
be ventilated. Within this compartment is located an equilpment box for
witch the temperature-time curve is desired. Also within the compartment
are other bodies separate from the equipment box.

In subdividing this heat-transfer system it may be seen from Figure
Mi-1 that the regions for which representative temperatures are used to

describe the thermal situation are as follows:

(A) The equipment box in which heat may be generated, heat may be
stored and heat may be given off to a cooling system. In addition heat may
be transferred between the equipment box and insulation on its surface. It
is assumed that the thermal condition of the equipment box can be described
in terms of the variation of a single representative temperature.

(B) An insulation or heat barrier surround1ing the equipment box which
may store heat, have heat transferred between itself and the equipment box,
have heat transferred between itself and its surroundings and may have heat
removed from it by an integral cooling system. The thermal condition of
this insulation or heat barrier is described in terms of the variation of a
single representative temperature.

(C) The bodies or masses within the compartment other than the critical
component box. For this description it is assumed that all such masses may
be lumped together and described in terms of the variation of a single repre-
sentative temperature. In some situations, *here the thermal properties of
the various masses are very widely different it may be necessary to use
several such regions, each with its own representative temperature. Assuming
that oW7 one such region is used, it may be seen that heat may be stored in
it and heat may be transferred between it and its surroundings.

(D) The air within the compartment which may receive heat or give off
heat to the surfaces of the members within the compartment and which may be
cooled by some cooling means. It is assumed that the air cannot store heat
since its thermal capacity is small compared to the other regions in the
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system.

(E) Insulation or a heat barrier adjacent to the compartment wall
which may store heat, have heat transferred between itself and the compart-
ment wall, have heat transferred between itself and the contents of the
compartment and may be cooled by an integral cooling system. The thermal
condition of this region is described in terms of a single representative
temperature.

(F) The compartment wall which may give off heat or receive heat
from the insulation or heat barrier adjacent to it, may store heat, and
may have heat exchange with the air flowing over its outer surface. The
thermal condition here is described in terms of a single representative
temperature.

3. Asswptýins

For the development of a calculation method, the following basic
assumptions are made.

(a) The characteristic temperature of the components within the
equipment box A is described in terms of a single temperature TA which is
assumed to be the temperature at all parts of the surface of the box. Thus
it is assumed that the rate of heat storage in the component box can be ex-
pressed in terms of the time rate of change of TA. Also the rate of heat
transfer from the equipment box to a cooling ystem and to the insulation
or heat barrier on the box may be expressed in terms of TA.

(b) The insulation B is assumed to surround the equipment box and
the rate of heat storage and the rates of heat transfer from it may be ex-
pressed in terms of its outer surface temperature TB.

(c) The non-critical bodies C within the compartment are assumed to
be represented by a single mass, the thermal characteristics of which may
be described in terms of a temperature TC, which is the average surface
temperature of all such bodies.

(d) The air D within the compartment is given a separate identity
here although it in assumed to have no heat storage capacity. Thus the
heat transferred to and from the air may be expressed in terms of a single
average temperature TD. The air is assumed to be always in thermal equili-
brium with the other regions in contact with it.

(e) The insulation E is assumed to be on the inner surface of the
compartment wall. Its thermal condition is described in terms of a single
temperature TE which is the temperature on the compartment-side surface of
the insulation.

(f) The compartment wall F is assumed to have a single temperature
TF at all points. The heat stored in it and transferred to and from it is
expressed in terms of this temperature.
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I.Noeniclature

A Surface area. ft2

a Free convection zoduluBs, (NIrNO)/x 3 At)

a' Free convection parameter, o.l2k.? 82/3

B Radiation temperature function, [(Ta/10)4-(Tb/10l) 1 /(Ta-.Tb)

C Thermal capacityv, Btu/OF

c Specific heat, Btu/]b-7

d Tube diameter, ft

F Computation factor

FA Shape factor in radiation heat transfer

Fe Emissivity factor in radiation heat transfer

f Fraction

G Teigbt rate of flow per unit area, lb/hr-ft 2

h Convection heat transfer coefficient, Btu/hr-ft 2 -°F

K Conductance, Btu/hr-uF

k Thermal conductivity, Btu/hr-ft 2 -(*F/ft)

L Thickness or length of conduction path, ft

N~r 'aao nne,~ 6 2pp )2 (x/T) 3 kt for air

NN1  frandtl mnuber,. caA/

p Pressure, in. Hg

q Heat transfer rate, Btu/hr

T Absolute temperature, OR

t Temperature, OF

V Velocity, ft/hr

v Volume, ft 3

w Specific weight, lb/ft 3
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x Distance from leading edge, or length of heat transfer

surface, ft

a • Area ratio

A t Temperature difference. OF

Time interval, hr

Pressure ratio, p/29.92

C Radiation emissivii.

Absolute viscosity, lb/ft-,r

/ Kinematic viscosity, ft 2 /hr

Sum of

19 Time, br

Subscripts

A Refers to equipment bac

av Refers to average value during time interval

B Refers to insulation on equipment box

C Refers to non-critical bodies

cd Indicates conductio n

cv Indicates convection

D Refers to air in compartment

B Refers to insulation on compartment wall

F Refers to compartment wall

g Refers to heat generated

Z Refers to mean value, or a general region in the heat
transfer a ter

n Refers to another general region in the heat transfer system

0 Refers to heat conveyed to cooling system or atmosphere

rd Indicates radiation
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Refers to heat Wtored

t Indicat•-s total temperature of air stream

1 Indicates beginning of time interval

2 Indicates end of time interval

5. Derivation of Bauations

a. Heat Balance

Based on the sytem depicted by Figure III-I and described
in part (2), the assumptions stated in part (3), and using the nomenclature
given in part (10, a set of beat balance equations may be ritten for each
member of the qsten. These are

qg +Qc"-qAo- el" 0 (III-a)

q -qA B c" qE " - qBo qBs a 0 (III-Ib)

-÷ - 0 (I- -ic)

+qCF + E -% " -"qjo - q 0 (III-ld)

q, "-o - qs - II)

%3D - QDC - qDE- q ao a 0 (III-If)

where qis the rate of heat generation in the equipment box A, where all
heat stfrage rates are indicated by the second subscript (a), such as
signifyimg the heat storage rate in the equipment box, and where all rates
of heat transfer to the external ompa tment environment or to an internal
cooling sytem are indicated by the second subscript (o), such as qr0 sig-
iifying: the heat transfer rate from the oompartment wall to the atmnophere.

b. Differential Equations and Difference Equations

These heat balance equations nay be expressed in differential
form in terms of the temperatures, thern4 capacities, conductances and
time. For example, the differential form of equation (III-la) is,

g qA a O$ (III-2)

where the heat transfer term qAB has been replaced by the product of the
conductance KAB between the two regions A and B and the temperature differ-
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ence (TA-TB)3 while the heat storage term has been replaced by the thermal

capacity of-body A, CA, multiplied by the time rate of change of its ter-
0 perature, dTA/dir. The terms c and qio have been left unaltered since their

magnitudes are dependent upon The rate of heat generation and the rate of
heat removal by a cooling system, respectively.

In general the conductance K between any two regions is a function of

the temperatures of those regions and the time. Thus, equation (111-2) is
seen to be a differential equation with variable coefficients. To change
equation (111-2) to a difference equation it is necessary to replace dT
by the difference (TA2-TA1) and dir by the difference A-r, where TAI is the
temperature of region Aa-i the beginning of the time interval ar and TA.
is its temperature at the end of the time interval. The instantaneous tm-
perature difference (TA-TL) is to be replaced by the temperature difference
at the begimin of the time interval (TAl-TBl). If these substitutions
are made In equation (111-2) and the resulting equation is solved for the
temperature change (TA2 -TAI) of region A, equation (111-2) becomes,

AA

If equation (IIL-3) is solved for TA2, the temperature of region A at the
end of the tims interral, it becomes,

- g q + ' 'T TB1 + (l-KAB E)T IT

The factors K]( A"/CA) and "-KAB( ar/CA) multiply the temperatures of
the two regions TBI and TAI respectively. For convenience such factors are
designated by the letter F. Thus KAB( a-/CA) is replaced by the symbol FAB
and 14'&B(bAir/CA) is replaced by the symbol FAA. It may be seen that the
factor Fa is the multiplier of the temperature TAl which is the initial
temperature of the region A for which the final t4eperature TA2 is being
compated, whereas the factor FAB is the multiplier of the temperature T 1
which is the initial temperature of the region B which transfers heat ith
region A. Using these factors, equation (11-4) may be written

Ta2 qg A " o + AT .AATA1 (III-5)

The heat balance equations (MIl-la, through -le) m= be transformed to
equations of the form of equation (111-3) to make possible the computation
of the temperature rise of each region during the time interval. For com-
putation of the temperature at the end of the time interval the heat balance
equations (111-la through -le) may be transformed to equations of the form
of equation (TI1-5). The heat balance equation for region D does not di-
rectly involve the time -r, since it is assumed that the air (region D) has
no thermal capacity. For this reason, equation (III-lf) is treated as a
steady state equation and is discussed separately from equations (III-la
through -le).
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When these equations are transformed to the form of equation (III-3),

tbq become,

T,2-TA a qg 4r -KAB A' (TI'T•)'9•oa (II-6a)
L"A CAA

T~~B2 1 . KAB O.! (TA,-7r~l)-KB C (TBl7TC,)-KD Or (T.-~17 ) -

- KBE O~ (T~lTX)-q~, "N (III-6b)

7 -T E2-TEI - K ITD • • % -C 'C •I• ••

- KEF A"' (TEI.TFl).qEo "' (iii-.d)

a'1 - K (TE"17T )-KFo(TFnITo) (III-6e)

The atmospheric temperature Tot, in equation (III-6e) is the total tempera-
tr•e of the air flow enveloping the coprtm .

The heat balance equation (III-if) for the air of region D may be ex-
pressed in terms of the temperatures at the end of the time interval &,r or
in terms of the temperature at the beginning of the time interval. This is
possible since it is assumed that the air of region D is always in thermal
equilibrium with its surroundings. Thus equation (III-If) may be written

(T• 1 ) - T�-•. .% . - * o

(TBI"DI) "- %c(TDI"TGl) - KDE(TDI"Tl) - qDol a 0

If the second of these equations is subtracted frocm the first and the
result solved for the temperature difference TD2-TD1I the resulting equa-
tion is

TD2-Dl - IM(T2-TBl) +%(T -TC3) %(ETS-Z 1 ) (%W- oi)

Lr4iDCr+KE TB;;*KDE KD+IKID4%
(inx-6f)
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c.* Temperatures at End of Time Interval

When equations (III-6e through -6f) are solved for the tej-
peratures at the end of the tlime interval., there-results a set of equatiom
similar to equation (111-5). These are,,

+g ATT~ AT ~ (III-7a)

TB2 - FBATA + FBCTCl FMT~l + FBFET1 + FBBT~1  qBOl qh-n

T2- FCBT~j + FepTl + FCETE1 + F~CTC1 (hI-.70

Ti Fj~TB1 +' FECTC, + FeTDl + FEFTFl + FEFTE - q Al (III-7d)

TF2-FfiTE1 +Fo~ol +' FFTF1  ~ (I11-7.)

TD2 a FIBB + FDCTC, + FDIT1 - KqO II7
KD+"DC+4%E (~-

di. Temperature Change in Time Interval

The equatlons for the temperature change (III-6a through -6f)
may also be written in terms of the F' factors. TheV become

- qgaT Ao N - -l)(III-8a)

TB2-T lB(~-T -B(TBl:-T~l)-FM,(TB1-'TDl)-FBE(TBl:-T~l)-%o AT

(III-8b)

TU-~ FES(TBl..Jn) +FEC(TC1..T ja) F(D.TE)FFT~-~) 'T
CE

(III-8d)
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17. F Factors

The F factors in equatio ns (III-7a. through -717) and equations
(III-8a through -8f7) have the following definitions.,

FB- "AB A'1/CA (I-

FA a 1 -FAB (III-9Ob)

FBC - KBC At/GB (III-09d)

FB KED At~/GB (III-9e)

FBE - KBE At/GB (I11-217)

FBB - 1 - (FBA+FBC+VB+FBE) (III-9g)

FOB - KCB At/CC (ITI-9h)

FCn - KDC AT/C 0  (III..9i)

FOE a KCE At/C0  (III-9.j)

FCC a I - (V CB+FCD+FCE) (111-02k)

F -MKBE At/CE (111-91)

FIEAt/CE (IIT-9m)

FE - KEAtr/CE (I-n
F E a EFAt/C.E (1-

FE- 1 - (FEB+FEC.FED.FE) (III-,9p)

FFE m KEF Ar/CF (III-9q)

FFO KFO At/CF(I-2)

FFF n 1 - (FF.E+FFo) (I-s

FDB S - (III-9t)

"KDB+KDC*+DE (r-

FDE - KDE (III-9v)
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g. Determination of Time Intervals &,r to be Used

The value of the time interval Ar which should be used in
each step of these computations is the one which will produce the desired
accuracy with the least number of computations for the total time for which
the temperature-time curve is sought. It may be seen that if aN is chosen
too small a large number of computations will be required to cover the total
time. On the other hand if Ar is chosen too large serious inaccuracies
may result. These inaccuracies may be particularly serious at the start of
the temperature-time curve.

By examining any of the sets of equations (111-7) and (111-9), it will
be seen that

EFm - 1 (III-IO)

where XF is the sum of all the F factors having a first subscript m, e.g.
equation NlII-9g) shows that

FBA + FBB + FBC + FBD + FB - 1.

From the set of equations (111-9) it may be seen that

Fi>O (111->)

for m i n. This simply states that all conductances, thermal capacities
and time intervals are positive. A careful exmidnation of any of the set
of equations (111-7) will also lead to the conclusion that

F Om 0 (111-12)

For example, in equation (III-7c) if FCC is negative the product FccTCl
would be negative. This would say that the temperature of the region C at
the beginning of the time interval has a negative effect on its own tem-
perature at the end of the time interval. In other words, the higher TCl
is the lower will TC2 be if FC is negative. This would not be consistent
with the second law of thermodynamics.

It is possible however that regions transferring heat to or receiving
heat from a region z may have so large an influence on the temperature of
m that the temperature of m at the start of the time interval may have little
effect upon its temperature at the end of the time interval. This may be
stated by the equation

Fm - 0 (117-13)

Thus, equations (111-12 and -13) may be combined to read

FW --- 0 (111-314)
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From the set of equations (M11-9) it is seen that

F * a .A EKm (111-15)
r.

Equations (111-14 and -15) may be combined to give the result

~Cm. (111-16)

This leads to the conclusion that the maximum ar consistent with the
second law of thermo4•yamics is,

AT ii (111-i7)

Thus, for any heat transfer aystem such as the one shown in Figure III-l it
is necessary to compute the & according to equation (111-17) for each
region and select the smallest. As a rule, it vould not be necessary to
calculate the ar for each region because most conductances vary little with
time, except radiation conductances which increase appreciably with the tem-
perature level. It is, therefore, possible to ascertain the critical re-
gions after the first few calculations and to omit thereafter calculations
for the other regions.

A careful examination of equations (111-7) will show that values of
A r that are too large will result in oscillating values of the temperature

with time. This oscillation may be serious at small values of 'r, i.e.., at
the start, but will be less serious as steady state temperatures are ap-
proached, i.e., after a long time has elapsed. With experience it is pos-
sible sometimes to select the value of Ar which may be too large to give
accuracy during the initial part of the temperature curves but which will
produce satisfactory results at later times when the temperatures approach
their steady state values. This may be necessary in many instances where
the thermal capacity is small, and the conductances are large and thus very
small values of Ar would be required according to equation (111-17). This
may result in very many calculations to cover even a relatively short total
time. For this reason, it is often better to sacrifice some accuracy in
determining the initial shape of the temperature-time curves in the interest
of speed with fair accuracy in finding the curves for the later stages of
the heat transfer process.

COMPUTATION METHODS

1. Basic Methods Based on Conditions at Beginnimg_ of Time Interval

Tabular computations forms may be arranged for either the set of
equations (III-7a through -7f) or the set (III-8a through -4f). The ex-
pressions for the temperatures at the end of the time interval as given in
equations (111-7) are most easily adapted to a tabular computation form

@1
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since only the sums of products of F's and T's are involved. Computations
from this form of the equations, however, may be rather inaccurate unless
a calculating machine is used. This occurs because in most cases the value
of F is only slightly larger than zero whereas the value of F is only
slighiy smaller than unity. In equation (111.-7a), for exa e mig
be of the order of magnitude of IxlO"3 in which case Faa would be 0.999
(see equation (III-9b)). It would not be possible to fstinguish the small
difference between Tl and 0.999TAl if a slide-rule were used, whereas this
difference could be etermined readily from the results of a calculating
machine. As a general rule, therefore, it is better to use equations
(III-7) for the final temperatares when calculations are performed by ma-
chine. Equations (111-8) for the temperature changes do not contain the
F. terms and therefore multiplying factors close to unity are not encoun-
tered. For this reason it is better to use them in slide-rule computations.
These computatLons are somewhat more cumbersome than those by equations
(III-7) but do not present a serious handicap.

a. Calculating Machine Procedure

A convenient tabular form for equations (I11-7) is shown in
Table III-1.

Table III-1
Computation Table for Equations (III-Ta through -7f)

A B C D* E F

(1) T~A FAk FM
(2) TBl FAB FE FCB FDB* FE

(3) Tc1  FBC FCC FDC* E

(4) TD1  FBD FCD FE

(5) TEl FBE FCE FDE* FEE FFE
(6) TF1 FE' FFF

(7) Tol FFo

(8) qg &I/CA

( Ao - •r/CA
(10) qBo Art/CB

(11) qDo -I(KBD+KDc+KDE)
(12) qFo - AI/CE

(13) TA2- TB2- TC2- TD2- TE2= TF2=

The following steps are recommended in the use of Table I!I-1:

1. Determine initial values of T's, C's., K's and q's.
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2. Compute value of A-c from equation (Lit-1).
3. Compute values of F's and otimr factors showm In the body of the

table.
4. Enter initial values of T's and q's in left-hand coluan.
5. Ilultiply initial values in leCt-hand colTa:i by proper F values

shown in the table. Enter tlese producb. where the F's are shoan.
For example, TAl is to be iulti:Li:jd by FAX and FBA with the first
product entered where F A is sh-,),oi ýd the second product entered
where FBA is shown. This proced2re is to be carried out for all
col-mns except D*. This is starred to i&iate that the F-factors
in this column are to be multiplied by final tem-peratares rather
than initial temperatures.

6. Sum up all the products in eacii of the colvjuans A, B, C, E and F
and write the final temperatures at the bottom.

7. Form the products in column D* by miultiplyring the F-factors indi-
cated by the final temperatures taken from the last line, i.e.,
FDB is to be multiplied by TB2, etc. Enter these products in
column D and take the sum to get TD2.

8. Using the values of the final temperatures in the last line, as
the initial temperatures for the next time interval repeat steps
(1) to (7).

For accuracy the K's and consequently the F' s, which change with tera-
perature, should be computed for each time interval. For approximations
and for purpose of simplification, it is possible in some instances to se-
lect average values for the K's which would result in F-values constant
with time. This greatly reduces the computational effort required to evalu-
ate a set of temperature-time curves.

As a rule it is possible to predetermine the variation of all con-
ductances with temperature and the variation of those conductances which
depend on the atmospheric environment with flight time. It is convenient
to prepare these variations in graphical form and to utilize the curves to
determine instantaneous values corresponding to initial interval tempera-
tures. Conductances whose variations with time are known are best used,
for improved accuracy, not as determined at the beginning of the time in-
terval but at its midpoint.

The computation of A from equation (111-17) is also likely to be
found laborious. If care is exercised to prevent excessive oscillations
in the calculated temperature-time curves, values of a-r appreciably
greater than found by equation (111-17) may be used.

b. Slide Rule Procedure

A tabular form recommended for use in slide rule computations
is shown in Table 111-2. The procedure in using Table 111-2 is similar to
that for Table III-1. From the initial temperatures and flight conditions
all the values in the left-hand column are determined, except those w][ich
are starred. Also for the initial conditions the values of the K's and of
the coefficients in the table are determined. The starred values in the
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Table 111-2

Computation Form for Equations (III-8a through -8f)

A B C D E F

(1) TAj= TB, TCI= TDrI TElh TFlU

(2) TAI-TB- +FBA

(3) TB1-Tc1 -FBC +FCB
(4) TBI-TDI -FjD

(5) TB 1 -TEI -FBE +FEB
(6) TcI-TE cE÷F

(7) TDI-Tc 1  +FcD

(8) TD17TEI +FE

(9) TEI-T1 F -FEF +FFE

(10) TFI-Totl -FFo

(U) TB2 -TBl* +FDB

(12) Tc2-Tc1* +FDC
(13) TE2-TEI* +FDE

(14) qg + 'Yr/CA

(15) qA.o -

(16) % -T

(17) qDo2-qDol BD+Dc DE

(18) q , - rcE

(19) TA2-TAI- TB2-TBIu TC2 -TCIU TD2-TDIU TE2-TEJ= TF2-TFlI

(20) TA2= TB2- TC2, TD2- TE2= TF2,

left-hand column can be determined after TB2, TC2 and TE2 have been deter-
mined for the chosen time interval ar.

The same criteria as those applicable for the determination of con-
ductances K and time intervals a- as pointed out for the calculating ma-
chine procedure may also be applied in the slide rule procedure.

2. Alternate Comrutation Method for Simplified System Based on
Average Conditions During Time Interval

If the heat transfer system being considered is simpler than that
shown in Figure III-1 such as the system shown in Figure 111-2, for example,
it is possible to modify the computation procedure for greater accuracy than
that obtained by the methods already described. This greater accuracy can
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be obtalind by using average temperatures dur1mg the tim interval in camp-
puting the heat transfer.

Figure 111-2. Two-Body Heat Transfer System

For example for the system in Figure 111-2 the difference equation for
body Mi may be -W'itten,

Ci
ý (Ti2-Ti) a - jTja4aT

where, Til*Ti2

Ti.av - 2

Of course it is necessary first to estimate the values of Ti2 and TJ2 and
then to copute by the tabular methods what those values should be. This
results in a trial-and-ewror process which would be prohibitive if there
were very maiV bodies in the heat transfer system. However, the procedure
would not be burdensome for a system containing a small number of bodies.
It is usually feasible to make good estimates by extrapolation of the tem-
perature-time curves plotted concurrently with the computations.

THRN L CAPACIT32S AND CO!M)UCTL

1. Thermal Capacities of Composite Bodies

The thermal capacity C of arV body is defined as the heat required
to raise the temperature of that body one degree. The value of C for amy
solid or liquid body made up of several components may be found by taking
the sum of the products of the weights and specific heats of each component.
Thus if an equipment item, such as A in Figure III-I, is made up of mteri-
als having volumes v,,, vb,, y, etc., specific weights wa, wb, Wc, etc., and
specific heats, ca, %s, c, etc., respectively, its thermal capacity would
be

0
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CA a TOaO& + Vbwb% + VTwoco ,+ tc. (111-18)

The specific heats and specific weights of various materials =7 be
found in several handbooks (Ref. 3lI-4a, -5, and -7). As an apiproimte
guide, the range of thermal. capacities of one cubic foot of various classes
of materials are given in Table m-3. The thermal capacities of gases are
so sall that as a general, rule they may. be neglected in computations such
as those described here.

Table III-3

Ranges of Volumetric Thermal Capacities and Specific Beats
of Various Classes of Materials

M1aterial Btu/ft3-oPF Btl~lb.-pF

Metals (solid)
light (less than 3O lb/ft 3. 27- 40 .I1g- .25
mediu• .ess than 6oo /f00) U -- 6o .09 - .J2
heavy (awe than 600 /lftv) 18 - h2 .o3- .o6

Idquids 35-65 . - 3.
Jon-metals (e.g. glass, rubber,
plastics, wood, etc.) 10- 35 .35 - .55

Insulating materials (loose, e.g.
.rock wool, asbestos, etc.) 1 - 7 .15 - .3

2. Conductances of Heat Transfer Modes

The thermal conductance K is defined as the time rate of heat
transfer per degree of temperature difference and is designated., The valze
of K fCW heat transferred from one body to another, or from one part of a
body to some other part of the body, depends upon the modes of heat transfer
involved. Heat may be transferred by conduction, aonvection, radiation or
by some combination of them.

The heat transferred entirely within the bounda ies of solid bodies
or across the interfaces of adjoining solid bodies, is assumed to be trans-
ferred by conduction. Heat transferred from the surface of a solid body to
a fluid in contact vith it is said to be transferred by convection. When
heat is transferred from one surface to other surfaces in a vacuum and with-
out contact, it is transferred by radiatLon only. Heat may also be trans-
ferred by radiatLon between two surfaces if the intervning medium transmits
radiant em•aru

Since the thermal conductances for each of these modes of heat transfer
are computed by different methods, they are discussed separately in the fol-
lowing*

a. Conduction Heat Transfer

Since the heat transfer computations being described here are
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such that differential equations are replaced by difference equations it
is possible to consider the heat transfer process in arn time interval to
be in the steady state.

The basic equation for steady state conductive heat transfer is

q j - ic dt/dL (III-19)

For plane solids with heat flow perpendicular to the surface, equation
"(111-19) integrates to

q-km AIt
q - --- (111-20)

where kc is the mean thermal conductivity of the material. Btuation
(III-20j may be written

q a 1 0d 6 t (11-21)

where K 0dis the thermal conductance for conduction heat transfer and is
defined•

kaA
I - (111-22)

In man eases the flow of heat occurs through solids in which the area nor-
mal to the path of heat flow varies as a function of the distance along the
path. In such cases the area to be used in equation (171-22) is the mean
value of the area Am. Thus,

Kcd L - - •

Values of thermal conductivity k of various materials are given in handbooks
and texts on heat transfer (Ref. III-1 to -8).

b. Convection Heat Transfer

The basic equation for the rate of heat transfer by convection
from a surface to a fluid in contact with that fluid is,

qa hbAt (111-24)

The thermal conductance for this mode may therefore be written as

Kcv- hAL (111-25)

The value of the heat transfer coefficient h depends upon the type of
convection, (free or forced), the geometry, the hydrodynamical characteris-

tics, and the heat transfer characteristics of the system. Equations for 0
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the computation of h in a variety of special cases may be found in any heat
transfer text (Ref. 111-i -6, and -8).

c. Radiation Heat Transfer

Heat transfer rates by radiation between two surfaces (a) and
(b) ma be computed by the approximation

q - O.172FAFe A [(Ta/100)4-(Td/100)4] (111-26)

where the emissivity factor Fe, the shape factor FA and the surface area A
on which the computation is to be based depend on the configuration of the
surfaces and their individual emissivities (see p. 61, Ref. III-1). Equa-
tion (1-26) may be written,

q = Krd (Ta -Tb) (111-27)

where the thermal conductance Krd is defined by
Krd O...I2YF FA ,"_ -[(T/iOO)4.(.T.•/00)4

"rd A Ta Tb (I-28)
ra - b

3. Combined Conductances

a. Parallel Heat Transfer Paths

In many actual situations it is the usual practice to com-
pute separately the heat transfer between two bodies by each mode. In
other instances, however. it may be expedient to compute a combined con-
ductance for the heat transfer from one body to another by more than one
mode or through intervening bodies.

If heat is transferred from body (a) at temperature Ta to body (b) at
temperature Tb along parallel paths that have conductances Kl, K2 , K3 ,
Ln, then the combined conductance is

K a K1  K 2•+ K3  .. .+ 1  (111-29)

and the heat transfer rate is q - K(Ta - Tb).

Typical examples of this are found when one body is connected to a
second body by two or more conductive paths or when heat is transferred
from one body to another by more than one mode* For example, if heat is
transferred from one body to another by convection and radiation the com-
bined conductance is

K " Kc v + rd (111-30)
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where KyW "rd are dfined by equations (r11125 and .28). respectively.

ba, Series Beat Transfer Paths

In some cases the heat may be transferred from one body or
surface to a second body o surface through one or more intervening bodies
in series. If it is desired to express this heat transfer rate in terms
of a combined conductance and the temperatures of the two bodies, it is
necessary to compute the combined conductance as the reciprocal of the sa
of the reciprocals of the separate conductances. For example if heat is
transferred from surface (a) at temperature Ta, to surface (b5 at tempera-
ture Tb. through a fluid medium between them, the combined conductance isU

1
1.•.• 1 ". (331-.1)

and the heat transfer rate is q a K(Ta-Tb), when K V-a is the conductance
due to convective heat transfer from surface (a) to the fluid, and K,_b
is the conductance due to convective heat transfer from the fluid to sur-
face (b), both determined by equation (IIl-25). SimilarlY, if surface (a)
is separated from surface (b) by several layers of solid bodies in series
having conductances, Ked..l* Ktd.23 K•.3 . . . 'C.n, the combined con-
ductance is,

1
K L (111-32)

+ + +" • "*.

c. Series-Parallel Heat Transfer Paths

For the case where beat is transferred from surface (a) to
surface (b) through a transparent gas the combined conductance for the heat
transferred from surface (a) to surface (b) is,

1,K a ]Erd + 1 ... 1- (111-3.3)
K +

4. Conductances for Specific Cases

To illustrate the methods of determining the conductances for a
variety of specific cases, the values of the conductances involved in the
heat transfer system of Figure I11-1 and expressed in equations (III-6a
through -6f) will be developed here.

a. KA - Conductance between the surface of the equipment box A
and the outer surface of the insulation B. Since this process involves only

0
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conduction heat transfer, the conductance is by equation (111-23)

* 1~AB 2 Ic(½AB

For most insulating materials used in aircraft the value of kn is in
the range from 0.02 to 0.15 Btu/br-sq ft- ( 0F/ft). (See Appendix TI.)

If it is desired to express all conductances in terms of the area of
the compartment wall, AF )then equation (111-34) may be written

K k~dAFF(la%) (1-5

where
AF AA/AF and BA AB/AA (III-36)

b. KBC - Conductance between the outer surface of the insulation
B and the non-heat generating bodies C. Heat may be transferred between
the insulation B and the non-heat generating components C by conduction,
radiation and convection. Since the portion of the heat transferred by
convection must first be transferred between B and the air D in the com-
partment and between the air D and the non-heat generating bodies C, it is
best to separate the conductance due to convection from the conductance due
to radiation and conduction.

Since KBC is a combined conductance for two parallel paths of heat
transfer (conduction and radiation) the conductance by equations (111-23,
-28 and -30) is

K Ic. O.172 FeFAAB [(TB/lOO)'-(TlOo0)4 ]
÷ (T.TC; (I-37)

where kBC, ABC and LBC are mean values of thermal conductivity, cross sec-
tional area and length of the conduction path connecting B and C.

In many cases, unless metal conduction paths are purposelr provided,
the term kjcABc/IC is so swall that it may be neglected. This is the
usual situation since equipment component boxes are usually mounted on vi-
bration and shock mounts which are relatively poor heat conductors.

Where the geometry of the system is simple it is possible to compute
the values of Fe and FA from theoretical considerations. However in the
usual aircraft equipment compartment being considered, the disposition of
the surfaces of body C which may consist of several bodies, lumped together
for convenience of calculation, with respect to body B may be very complex.
In this case it is suggested that the product FeFA be replaced by the pro-
duct of the emissivity of body B and the estimated fraction of the surface
of body B which is "seen" by body C. It is further suggested that the
area ft be expressed in tefts of the area of the compartment wall, AF.
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Thus, for the ease where no metallic conductive paths are provided and
where it is not possible to determine Fe and FA with any accuracy, equation
(111-37) becomes

0.172 E BfC(cUzALF) [(TB/loo) -(T/loo)]
%C "- TB .' T•c (111-38)

where fBC is the estimated fraction of body B Oseenr by body C.

C. Kim - Conductance between the outer surface of the insulation
B and the air. n the compartment D. This conductance is due to convection
alone and is defined by equation (III-25). If the air in the compartment
is circulating by virtue of free convection alone the convection coefficient
h, uy be found by one of the exact equations given in the heat transfer
literature. For purposes of estimation the following equation for free
convection may be used,

11]D., a' (TB-TD)I/3 AB (111-39)

where 
1/ /a'-0.12kD 'W Di3

the thermal conductivity of the airD and the free convection modulus a
(see p. 244, Ref. 11-1) being both determined at temperature (TB.TD)/2.

If the air in the compartment is circulating by virtue of forced con-
vection produced by a blower or other means, the convection coefficient
will depend upon the shape of the passages through which the air passes and
the type of flow involved.

If the flow is streamlined the following approximate equations in
which an average Npr of 0.7 is substituted may be used to determine h.

(a) In circular tube h - 3.65 k/d (11-40o)
(see p. 100, Ref. 111-3)

(b) Over flat plate h. ' 0.6k(V/x v)2 (11l-41)

(see p. 93, Ref. 111-3)
If the flow is turbulent the, following approximate equations in which

an average Npr of 0.7 is substituted may be used:

(a) In circular tube h -_ O.021(k/dO. 2 )(V/P )0. 8  (III-42)

(see p. 113, Ref. III-1)
(b) Over flat plate h - 0.055 (k/xO'25)(V/,)O'S (111-43)

(see p. 126, Ref. III-1)
(C) Across tubes h - 0.0032(T)O.3(G2/3/dl/3) (II--44)

(see p. 125, Ref. 11I-1)

where x is the length of the plate, V the air velocity and G the weight
flow rate of air per unit minimum free flow area.
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For the case of forced convection then,

0 KBD - hBD AB (III-45)

where hBDj the forced convection coefficient is determined from one of the
equations (III0 to -44) and Ak the area of body B in contact With the air
D may be expressed in terms of IF the area of the compartment wall.

d. KBE - Conductance due to radiation between insulation surfaces
Band E. See BC.)

KBE = 0.172 BfBE( aBACAFAF) [(TB/lIo)4-(Tdo/1O0)4]KB -..... . TB - TE (III46

where fBE is the estimated fraction of body B "seen* by body E.

0a N o - Conductance due to radiation between non-critical bodies
C and insulation E. (See KBC.)

o.172 c~fCE(qa(#F) [(Tdljoo)4-(TF/loo)l&]

TC -(11147

where fOE is the estimated fraction of surface of body C 'seen. by body E
and aCE - AC/AF.

I f. KDE - Conductance due to convection between the air D and the
insulation E on the compartment wall. The discussion applyin to the con-
ductance KBD applies equally well to conductance KDE.

If the air circulation is entirely by free convection,

KDE - aI(TD.TE)/3 EP (II- 8)

where a' is defined as for equation (fI1-38) and am - AWAF.

If the air circulation is by forced convection,

KDE hDE AE (111-49)

where bDp the forced convection coefficient, is determined from one of the
equations (Iii-40 to -44) and LE is the area of body E which is in contact
with the air.

the conductance between the air and the non-critical components
is determined in the same manner as KDE, using appropriate values corre-
sponding to C rather than E in equations (111-48 or -49).
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g. K - Conductance between the compartment-side surface of the

insulation on compartment wall I and the compartment wall F. This con-
ductance is simil to conductance KAB and may be expressed by the equation

KW - k GR (III-50)

where is the insulation thickness and ktE, its thermal conductivity at its
average ,temperature. The term a& is defined by AEa/AF, where A~m
(AE+AF)/2 and is practically equal to AF.

h. L.~- Conductance due to forced convection heat transfer be-
tween the compartment wall F and the air flow over it. If it is assumed
that the compartment wall is the surface of the aircraft or missile over
tihich air is flowing, that the compartment is short in the direction of
air flow, and that it is located on the average, some distance x aft of the
raost forward point of the surface, then

0.028 ,v 0.8
XFo K70  ko ( (Npr)13 S (111-51)

In equation (111-51) (Ref. III-5), the thermal conductivity k0 , the Mine-
matic viscosity vs and the Prandtl number Np of the air are determined at
the mean of the wall surface temperature and the total air temperature,
(TF+Tot)/2. If the air velocity V over the wall is not defined and the wall
forms the boundary of a duct,' equation (111-51) may also be written as

k0 8"(Nfr)1i3
a" °' k G.8 A (1114-2)

where G is the weight rate of air flow per unit duct area and the absolute
viscosity - is determined at (TF+Tot)/2.

Equations (III-51 and -52) are actually based on the local heat trans-
fer coefficient, as determined by the location x relative to the leading
edge of the surface. It can be applied to a short compartment, one to tyo
feet long, by using for x the distance to the midpoint. However, if the
compartment extends to the most forward point of the wall surface, or very
near to it and is of appreciable length, KF0 should be based on the average
heat transfer coefficient. When x is redefined as the over-all length of
the wall surface from the leading edge to the aft end of the compartment
wall the constant in equations (111-51 and -52) is changed from 0.028 to
0.039 to give the average value of Kpo for the entire surface.
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CALWULITION •AMPLE

The following is presented as an abbreviated numerical revue of the
calculation methods and application of heat transfer equations given in the
preceding parts of this Section.

The temperature-time histories of the various idealized parts consti-
tuting a small compartment in a ramjet center body are to be investigated
for a given flight plan. The compartment is a short cylinder located on
the average 3.3 feet from the forward tip of the center body. The compart-
ment end walls are insulated so that heat flow through these surfaces can
be neglected. The stainless Steel skin has a moderate insulation thickness
within the compartment. The compartment contains two types of equipment
items. Mechanical components of high bulk density and large thermal ca-
pacity which are relatively insensitive to high temperature, and electronic
components of low bulk density and smaller thermal capacity which are sen-
sitive to high temperature. Since the flight plan is such that heat flow
into the compartment is to be expected, the electronic components are insu-
At ed. There is no heat transfer by conduction between the components and
; skin. The compartment is pressurized by ram. Free convective condi-
tions are assumed to exist.

1. Characteristics of Thermal Regions (Figure III-1)

A. Electronic components (represented by one box)
Heat generation rate, qg = 670 Btu/hr
Surface area, AA - 5.11 ft 3

Thermal capacity, CA - 8.88 Btu/OF
(71 lb at mean specific heat of 0.125 Btu/lb-°F)

B. Insulation on component box
Inner surface area, AA a 5.11 ft 2

Outer surface area, AB = 5.76 ft 2

Thickness, LB - 0.029 ft
Thermal capacity, CB - 0.47 Btu/oF

(2.35 lb at specific heat of 0.2 Btu/lb-0 F)
Radiation characteristics
to skin insulation, eBfBE - 0.25
to other components, E BfBC = 0.25

(based on assumed mean emissivity of 0.5 and fraction
of radiation-exchanging surface area also of 0.50)

C. Mechanical components (non-ritical, represented by one unit)
Surface area, AC a 5.11 ft
Thermal capacity, cc - 33.4 Btu/°F

(150 lb at mean specific heat of 0.223 Btu/lb-°F)
Radiation characteristics
to skin insulation, eCfCE - 0.25
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j. Insulation of skin

Inner surface area, AE - 5.95 ft 2

Outer surface area, AF - 6.28 ft 2

Thickness LE - -.0 6.28 ft

Ther'nal capacity, C - 0.94 Btu/OF
(4.7 lb at speciffc heat of 0.2 Btu/Ib-0 F)

F. Compartment skin
Surface area, AF - 6.28 ft 2

Thermal capacity, CF - 4.23 Btu/OF
(38.5 lb stainless steel at specific heat of 0.11 Btu/lb-0 F)

2. Conductances

a. KAB (equation 111-34)

k . 0.03 Btu/hr•-ft 2 -(OF/ft) (assumed constant with
temperature change)

KAB 0 ' "2xO..527'- a 5.63 Btu/hr-'F

b. KBC (equation 111-38)

KBC - O.1072xO.25xS.76zB.0o25 BBC

where BW - [(TB/100).-(TdlOO)4]/(TB--TC)

Co K% (equation 111-39)

KE w 5.76 a'(TB-TD)i/3

d. "BE (equation 111-46)

KBE a 0.172xO.25xS.7 6 xBBE - 0.0025 BBE

e. KC• (equation 111-4?)

KCE - O'72xO.25xS.lUxBcE 0 0.00221 BCE

f. KC (equation 111-48)

KOD - 5.U1 a'(TC-TD)1/3

g. KDE (equation 111-48)

KDE - 5.95 a'(TD-TE)I/3
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h. KEF (equation I11-50)

kE a 0.03 Btu/hr-ft 2 -(°F/lb), assumed constant

0.0).(6.28+5.95)
KEF 2•.04b - 3.85 Btu/hr-OF

i. KFo (equation 111-52)

Since the compartment is short axially., and is located some
distance from the forward tip of the center body, it is satisfactory to use
equation (111-52) for local values of KFO, as applied approximately to the
axial midpoint of the compartment surface. Also, arV conduction along the
skin surface is neglected. Thus,

O.0O 6.2 8x k(Npr)1/3 GO.8Fo " _ýN ^ x0.7

a 0.1387 (o.- G°'8

This conductance KFO determines qFo when multiplied with the available tem-
perature potential which is the difference between the skin temperature TF
and the total temperature of the enveloping air flow Tot. Actuall, the
latter should be the adiabatic wall temperature which is lower than Tot and
depends on a recovery factor which is determined by the surface configura-
tion and the air temperature conditions surrounding the compartment surface.
In this example, these conditions are not well defined. Therefore, equation
(111-52) is used since at supersonic flight speed the mass velocity G and
the total temperature may be defined directly by the flight Mach number and
the atmospheric pressure and temperature conditions, providing the total
flow entering the diffuser poses over the center body surface and no prior
heat addition takes place.

3- Initial Conditions and Flight Plan
During the brief operation prior to flight, the following tempera-

tures are attained:

TA - 5720 R TB - 5640 R TC - 560 'R

TD 562OR TE U6 0'R TF 56 R

Conditions during the flight plan are pre-defined in terms of flight
speed and altitude. This determines the variation of Tot based on total
conditions and of G. Based on knowledge of the extent to which the center
body is pressurized in relation to the ram pressure rise (here 5 8er cent)
th1/3ariation of the relative pressure df with time is found. G *'and

as used in various equations for conductances, and Tot are plotted
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versus flight time in Figure 111-3, and describe the flight conditions fully
for purposes of calculation.

It is also co nient to use plots of otherq'riable as calculation
aide such as a'/ I (Figure AIV-4) and (kCNpr) )/,,a (Figure 111-)
versus temperature in -R and the radiation temperature factor B versus
(Ta4Tb)/l00 (Figure AIV-l).

4. Calculation Procedure

The application of the calculation methods previously discussed
is illustrated in the following for a time interval beginning at r - 0.3
hour after initiation of flight conditions. The initial temperature condi-
tions at T - 0.3 are

TA 6070R TB - 6 74°R TC 5 6 70 R

TD - 6930R TE a 824 0 R TF - 1343°R

Tot - 1353OR

a. Time Interval Duration

From equation (III-17),
Cm.

and is determined from one of bodies A through F which gives the smallest

A•i. Thus .

For A, Ar - CA/KAB - 8.88/5.63 - 1.578

For B, Ar - CBJ(I[B+KBC+KBD+KE)

• a 0.0025Bw - o.0025x965 - 2.41

KBD - 5.76xo.178x0.582W2.67 - 1.58

where a,/i2/3 - 0.178 (pnom Fig. Aiv-2 gt 683.50R), d2/3 w 0.582 (from
Fig. 111-3), and (TD-TB)Wý3 - (693-674)l/3 - 2.67.

KBE 0.00025BBE- 0.0025x1710 - 4.27

A-* 0.47(5.63+2.41+1.58+4.27) - 0.47/13.89- 0.0338

For C., Ar -Cd(KCB+KJ+KCE)

KC - 5.mxo.188xo.582x5.0l - 2.80

where a'/c2/3 - 0.188 (from Fig. AIV-2 at 6300R), and (TD-TC) 1/3
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(693-567)1/3 5 S.o0.

KGE" 0.0o22lcD = o.0022161o a 3.56

'•r- 33.J/(2.41+2o80+3.56) - 3.81

Since the thermal capacity of the air D is neglected, the air does not in-
fluence the choice of a.

For E. A- L/YE+B+KDKF

KD- 5.95ýo.l.(ao.582xS.o6 - 2.90

where a'1/ 2/3 - 0.167 (from Fig. AIV-2 at 758.50R), and (Tr-TD)1/3 -
(824--693)f/ 5.06.

0 o.94/(4.27+3.56+2.9o+3,85) - o.94./1458 - o.o645

For F, ,,' - CF/(KFL+KFo)

KFo - 0.,387x0.2078x7400 a 213

where k(Nf)V/3/AuO-8 - 0.2C) 88 from Fig. 111-4., at (TF+Tot)/2
(134,3l353)2 -1348°R , and G - 7400 (from Fig. 111-3 at 'r - 0.3).

tx ,, 4.23/(3.85+213) - 0.0196

The time interval calculated for F is the shortest and should be used for
calculation. This could have been predicted from previous calculations be-
cause the ratio of CF/FO would be significantly small throughout the flight
plan. The calculated value for 4x is rounded up to 0.02 for the purpose
of determining the resulting changes of temperature.

b. F-Factors

From the conductances determined above, the chosen time in-
terval A&r - 0.02 br, and the known thermal capacities the F-factors are
determined next, as follows.

FAB - 5.63z0.o2/8.88 - 0.0127 (III-9a)
FBA - 5.63x0.o2/0.47 - 0.24 (III-9c)
FBC - 2.41%0.02/0.47 - 0,1023 (III-9b)
FBD - 1.58x0.02/0.47 - 0,,0672 (lll-90)

FBE - 4o27x0.02/0.47 - 0.1815 (III-9f)
FCB - 2.41x0.02/33.4 n 0.001443 (III-.9h)
FCD - 2.8Ox0.02/33.4 - 0.001678 (III-9i)
FCE - 3.56x0.2/33.4 - 0.002132 (III-9j)
FEB - 4.27xO.02/0.94 - 0.0908 (111-91)
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F 3.56xO.O2/O.94 - 0.0758 (III-9m)

FED 2.90xO.02/0.94 - 0.0617 (III-9n)

FEF - 3.85xO.02/0.94 - 0.0820 (111-9o)
FFE - 3.85xO.02/4.23 - 0.0182 (III-9q)

FFO a 2.13xO.02/4.23 - 1.007 (1T-90r)
FDB - 1.58/(1.58+2.8o+2.90) - 1.58/7.28 - 0.217 (III-9t)

FM - 2.80/7.28 - 0.384 (III-9u)

FDE - 2.90/7.28 0.398 (III-9v)

c. Temperatures at End of Interval

Using slide rule computations, the temperatires at the end of
vr - 0.02 rs- 0032, are determined from Table 111-2, omitting items (15)

through (18) since qAo, qBo, qDo and qEo are all zero. The numerical values
for this time interval are listed as follows.

A B C D E F

(I) TjO.1  607 674 567 693 824 1343

(2) -67 0.85 -16.o8
(3) 107 -1o.96 0.15
(4) -19 1.28
(5) -150 27.20 -13.64
(6) -257 0.55 -19.49
(7) 126 0.21
(8) -131 -8.08
(9) -519 42.56 -9.45

(10) -10 10.07
(n) 1.44 0.31
(12) 0.91 0.35
(13) 1.29 0.51
(14) 670 1.51
(19) 2.36 1.44 0.91 1.17 1.35 0.62

(20) Tmn_ 2  609.4 675.4 567.9 694.2 825.4 1343.6

5. Results

Figure 111-5 contains plots of all temperature variations with
time, obtained by interval calculations made by the methods illustrated in
the preceding sub-section (4). It is apparent that the choice of the time
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interval made in (4a) was satisfactory because the end temperatures deter-
mined in (4c) are seen to fall on the various curves. Only TF appears to
oscillate slightly about its mean value which remains practically constant
at 1343"R after 0.1 hour flight time. The choice of a larger time interval
in (4a) would have effected a greater rise of TF which would have been com-
pensated by a drop in TF during the next time iziterval. In the later
stages of the analysis, the time interval max be increased, since the time
interval is determined by C /(KFE+KFO) and G- aand with it, KFo decreases
with time. Comparing TF anZ Tot in Figure 111-5, it is apparent that the
time lag in heating up the skin is relatively small because of the small
magnitude of C/KFo. Thus, subsequent variations in KFO because of reduced
weight flow of atmospheric air over the skin surface have almost no effect
on the skin temperature. The temperature of the electronic equipment TA
remains relatively unaffected by the initial skin temperature variation be-
cause of intervening thermal barriers and capacities. In this example, as-
sumption of a constant skin temperature of 13530 R, from the time at which
the flight is initiated, would have negligible effect on the variation of
equipment temperature, but would simplify the calculations.
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SECTION -IV

TEMPERATURE RISE OF AN AIRCRAFT SKIN IN SUPERSONIC
FLIGHT

By T. C. Taylor and Y. H. Sun

Heat transferred between the atmosphere and equipment within an
aircraft compartment must pass through the aircraft skin and the air
film adhering to the outside of the skin. Therefore, the thermal ca-
pacity of the skin and the external film heat transfer coefficient are
factors to consider in the analysis of aircraft equipment heat transfer
processes. The film coefficient is involved in both steady-state and
transient heat transfer processes, while the thermal capacity is in-
volved in transient processes only. An analysis is made here to study
the imrortance of these two factors in transient skin heating problems.
The analysis is pertinent to the skin heating effects that occur when
an aircraft, whose skin is initially at low or moderate temperatures,
is suddenly launched or accelerated into supersonic flight at constant
flight speed and &ltitude. The analysis is made with a view towards
possible simplification of computational procedures in the study of tran-
sient equipment temperatures.

SUMMARY

Heat transfer by convection to an aircraft skin in supersonic flight
is analyzed. A thin metallic skin is assumed, and the temperature gra-
dient through the skin is neglected. Equations are developed which de-
scribe the effects of heat flux, flight altitude, flight speed, and skin
thermal capacity on the skin temperature rise characteristics at constant
flight speed and altitude. The basic heat balance equation developed is
a first order differential equation and is formally integrated to give
an explicit solution for the time required for a given skin temperature
rise, corresponding to a set of assigned physical and flight conditions.
Calculation procedures are developed for applying the solution to the
case of an aircraft skin which is initially at low temperature and sud-
denly accelerated to high speed flight. The solution and calculation pro-
cedures are based on turbulent flow conditions over the skin.

Calculated results are given for a number of conditions to show the
qualitative effects of heat flux, flight altitude, flight speed, and skin
thermal capacity on skin temperature rise characteristics. The effects
and their significance can be summarized as follows:

a. A skin in supersonic flight at constant speed
and altitude tends to approach a limiting tem-
perature in a short time. If there is no heat
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flow through the skin, the limiting temper-
attu-e is the adiabatic wall temperature.
With heat flow, the skin approaches a tem-
perature sufficiently below adiabatic wall
temperature to provide the necessary temper-
ature potential across the external air film.
The difference in limiting skin temperatures
is simll for heat flux rates of zero and
800 Btu/hr-ft at Mach 3-5 and altitude 60,000
feet. This suggests that the assumption of
a constant skin temperature in analyzing heat
transfer processes between the skin and equip-
ment would introduce small error, although
heat flux between the skin and the equipment
would vary somewhat with time. The use of
this simplifying assumption is Justified
particularly for cases where the flight time
is long compared to the initial period of
skin temperature rise. For a flight time of
ten times the initial period of skin temper-
ature rise, the assumption is quite accurate.

b. Flight altitude affects skin temperature rise
characteristics appreciably due to variation
of air pressure with altitude. At high alti-
tudes the lowered air pressure causes reduced
external convection heat transfer coefficients,
resulting in slower heating of the skin. For
a Mach number of 3.5 and a 0.064-inch thick
stainless steel skin, the time required for
the skin to undergo a given temperature rise
is increased about ten-fold by going from
40.,000 to 100,000 feet. Therefore, the as-

sumption of a constant skin temperature for
flights of short duration is relatively more
valid at low altitude than at high altitude.

c. The principal effect of flight speed on tem-
perature rise characteristics of a skin is
the dependence of adiabatic wall temperature
on flight speed. The time required for a skin
to heat within a few degrees of its limiting
temperature decreases a little with increased
flight speed, but this time is principally de-
termined by other factors unrelated to speed.

C The time required for a given temperature rise
of a skin is nearly proportional to the skin
the-irmal capacity, or skin thickness. There-
fore the assumption of constant skin temperature 0



for internal heat transfer analyses is re-
stricted to long flight durations in the
case of thick-skinned aircraft compartments.

ANALYSIS

1. Assumptions for Analysis

A section of an aircraft skin is shown schematically in Fig-
ure IV-1. The outer face of the skin is exposed to air flow at super-
sonic speed, giving rise to aerodynamic heating effects.

/-OUTTER FACE ARFO

S•__ COM PARTMENT

INNER FACE

Figure IV-1 Schematic of Aircraft Skin

It is assumed that heat flow takes place through the wall and into the
compartment. A thin metallic skin, such as stainless steel is assumed.
This permits assigning a uniform temperature Tw to the skin, since the
temperature drop between the parallel surfaces of the skin is very small
and negligible, compared to other factors in the analysis. In any prac-
tical case, the heat flow away from the inner face of the skin would vary
as it is dependent both on skin temperature aid on thermal and physical

itions in the copart•e•rý:L. However, i:,. this analysis the heat flux

will be taken as constant since it is dssir3ed only to show the effects
of rmagnitude of the heat flux on skin heating characteristicse It is al-
so assumed that the the~reima. ca•pacity of a unit skin area is constants im-
plying a constant specific heat for the skin r•aterial,

XV,`!LrTR 53-114 1g3
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2. Nomenclature

Symbol Definition Units

AB, Constants of integration
Alt. Altitude ft.
a,b,c,d Substitution constants
c specific heat at constant pressure Btu/lb-@R
CP Specific heat at constant volume 8 Btu/lb-9R

g Gravitational constant = 4-.17 x 108 ft/hr2

h Coefficient for forced convection Btu/hr-ft 2 _oR
heat transfer

J Mechanical equivalent of heat = 778 ft-lb/Btu
k Thermal conductivity Btu/hr-ft-°R
M Flight Mach number dimensionless
m weight of skin per unit area lb/ft 2

Pr Prandtl modulus €- dimensionless

P Pressure lb/ft 2

q Heat flow or storage rate per unit Btu/hr-ft 2

skin area
R Gas constant for air = 53.3 ft-lb/lb-OR
Re Reynolds modulus Yux dimensionless

9
r Recovery factor dimensionless
T Absolute temperature OR
u Flight speed ft/hr
v Substitution variable
w Skin thickness in.
x Characteristic length ft.
IV Weight density lb/ft3
81 Ratio of pressure to sea level atmospheres

standard conditions
eo Ratio of temperature to sea dimensionless

level standard conditions
SViscosity lb/ft-hr

Time hr
Time min

Subscripts

1 Denotes initial value
ad Denotes adiabatic wall temperature
c Refers to compartment
lim Denotes limiting temperature
o Denotes external or outside value
os Denotes local static temperature
s Refers to stored quantity
w Refers to skin
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3. Derivation of Equations

The beating or temperature rise characteristics of the skin
shown in Figure IV-1 can be described by writing a heat balance equation
for the skin. If heat is transferred to the skin from the external air
at the rate qo, stored in.the skin at the rate qc and transferred from
skin to the compartment at the rate qc, the heat balance is,

% = qs + qc(IV-l)

The heat transfer rate to the skin, %, is given by the equation
(Ref. (IV-l)),

% = ho(Ted'Tw)l (IV-2)

where ho is the external film heat transfer coefficient, which must be
selected consistent with the external air flow conditions and the skin
temperature. Reference (IV-l) gives point heat transfer coefficients
for supersonic air flow over a flat plate. If flow over the skin is
laminar,

ho= 0.0077(!)0"5 (IV-3)

If flow over the skin is turbulent,

ho= 0.0212 (UP)0.8 (Tw)"0"5 (Iv-4)
(x) 0 .2

For values of the Reynolds number, (Yux/ýi), greater than 5 x 105 the
flow is turbulent, while for Reynolds numberg less than •.4 x 10, the
flow is laminar. For values between 8.4 x I04 and 5 x 10 either type
of flow is possible. The Reynolds number is evaluated at skin temperature.
It will be shown later that, for the cases of interest here, the flow is
turbulent, so that equation (IV-4) is used to define ho. The adiabatic
wall temperature, Tad of equation (IV-2) depends on the local static tem-
perature of the atmosphere, the flight speed, and the recovery factor, as
defined by the relationship (Ref. IV-l):

T ad :TOS + r( u2 ) (IV-5)

where c is evaluated at T . If the recovery factor r = 1, equation
(IV-5), gives the total or stagnation temperature. The recovery factor
can be taken as (Ref. (IV-I))

r =Jý (laminar flow) (IV-6)
r =4r (turbulent flow) (IV-7)
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The recovery factor should be evaluated at skin temperature. For prac-
tical purposes, however, it is sufficiently accurate to evalueat r at
Tad, since Pr varies only from 0.904 at -100OF to 0.863 at 1600°F, so
that the recovery factor is substantially constant even for large changes
in skin temperature. For cases of constant flight speed and altitude,
T 0 and u are also constant, giving a constant value of Tad'

The heat storage rate of the skin q. is given by the equation

% = _ cw di (Tv-8)
d-r

where the thermal capacity product mwcw refers to a unit skin area, and
is determined by

mwcw = I wew w (IV-9)

12

for the skin thickness w in inches.

Equations (IV-l,-2,--4.,-8) are combined and rearranged to give,

[0.02_12 (uP)O'8](Td&.Tw) = (Tw) 0 "5 _ )0"5 (IV-lO)(• ; (xl°'2j d-r (IV_10

This is simplified in form by making the substitutions,

a _ (u)0 IhTad)y2mw~~~wj 02I T)

c = -a

Tad

v2 = TW,

giving

v .= d . (Iv-ll)
a + bv + cv•

For constant flight speed and altitide a, b, and c are constants. There-
fore, equation (IV-11) may be integrated to give, (IV-12)

v =v b loge(a + by + cv2) + b 2 -2ac(-2 tanh-1 2cv +_b + A
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where d = 4ac-b 2 , and A is the arbitrary constant of integration, which

imist be established by assigrning a particular value to Tw corresponding
to -r= 0.

If the inner face of the skin in Figure IV-1 is perfectly insu-
lated, so that there is no heat flow through the plate, the value of
qc in equation (IV-l) is zero. For this case, equation (IV-12) reduces
to

"--= Tad log Tad + v + v +B, (-13)
-2c e r,- - v c13I-a _ v c

where B is the arbitrary constant of integration, which must be estab-
lished by assigning a particular value to Tw corresponding to -= 0.

Equations (IV-12) and (IV-13) are derived for turbulent flow, and
therefore should not be used if the Reynolds number is in the laminar
flow region. If the flow is laminar, equations (IV-l,-2,-3,-8) are
used to derive an equation for the skin temperature rise with time. The
equation for laminar flow is easily derived and is simpler in form than
equation (IV-12).

4. Procedure for Calculating Skin Temperature Rise

A method for calculating skin temperature rise using equation
(IV-12) or (IV-13) is described here. Detailed calculation procedures
and sample calculations are appended to this section.

Since equations (IV-12) and (IV-13) are derived for turbulent
flow, the Reynolds number must be calculated first to determine if the
air flow over the skin is laminar or turbulent. Fluid properties of
the Reynolds number are evaluated at skin temperature. The lowest
Reynolds number occurs at the highest skin temperature, since the air
density is at its lowest value, while viscosity is at its highest value.
Therefore, if the flow at a skin temperature equal to the adiabatic
wall temperature is turbulent, the flow conditions would have to be tur-
bulent for any skin temperature lower than this limiting value.

The adiabatic wall temperature, T a, is calculated using equa-
tions (IV-5) and (IV-7). The value of Tosias determined directly from
the NACA standard Atmosphere given in Table AT-1. The teble gives values
of 9o corresponding to altitude, where Tos = 51990. It is then neces-
sary to assume a value of T d to evaluate r with equation (IV-7). This
value of r is then used in equation (P11-5) to calculate Tad. If the
calculated result agrees with that assumed for equation (IV-7), the
value of Tad is accurate. Otherwise the calculated value is used to re-
peat the evaluation of r, and the trial and error process is repeated
until agreement between assumed and calculated values of Tad is achieved.
Because of the small variation of Pr with temperature, agreement be-
tween calculated and assumed values of Tad within 10R is sufficient.
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Values of the Prandtl modulus are given in Figure AI-I.

The characteristic length x of the Reynolds r-einber is assigned

"a value appropriate to the skin section being analyzed. For flow past
"a flat plate, x is the distance from the leading edge of the plate to
the point of interest. For an application such as a ram-jet centerbody,
x can be taken as the distance from the nose of the centerbody to a point
about midway in the centerbody skin area being analyzed.

The flight speed u must be known for use of equation (IV-5),
equation (IV-12), or for calculating Reynolds number. If the flight
speed is given in terms of the flight Mach number, u can be calculated
by

uI M ()g RTo, (IV-14)

cv

The air density Y for the Reynolds number is determined from
the perfect gas law

"Y _P (IV-15)
R Tad

for evaluation of the Reynolds number at minimum value conditions. The
pressure P is obtained from the NACA Standard Atmosphere of Table AI-1.
This table gives values of 6 corresponding to altitude, where P = 21189.
The use of ambient pressure is strictly correct only for a flat plate
skin on the outer surface of the aircraft. For an application, such as
a ram-jet centerbody, the local static pressure should be used to eval-
uate Y. Therefore the use of P = 21188 gives values of Reynolds number
and heat transfer coefficients, oy equations (IV-3) and (iv-4), which
are applicable to an external aircraft skin but somewhat low for a ram-
jet centerbody skin.

With the flight speed, the characteristic length, the air den-
sity, and the air viscosity evaluated at Tad (Figure AI-1), the Reynolds
number is calculated from

Re = (iu)/g

With the quantities previously determined, the substitution con-
stants a, b, and c are also calculated. Equation (IV-12) is next used
with an assigned value of the substitution variable, v = •w , correspond-
ing to -t= 0, and solved for the constant of integration, A. It is then
possible to solve equation (IV-12) for any value of -r corresponding to
any value of T in the range from the initial value assigned to determine
A to the limitiYng value of Tw = Tad, where r= oo.
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Equation (IV-13) for the case of no heat flow through the skin

9 is solved in similar fashion.

EFFECTS OF PRINCIPAL VARIABLES ON SKIN TEMPERATURE RISE

1. Heat Flux Through the Skin

The effect of heat flux on the temperature rise of a skin in

supersonic flight is thown in Figure IV-2. For the cases shown, it is
assumed that the skin is initially at 392*R, the ambient temperature in
the isothermal layer, and that the aircraft is suddenly accelerated in-
to flight at Mach number 3.5, altitude 60,000 ft. The upper curve rep-
resents the case of no heat flux through the skin and the lower curve
represents the case of qc = 800 Btu/hr-ft 2 . The characteristic length
for the Reynolds number evaluation and heat transfer coefficient eval-
uation is 3 feet, which gives a minimum Reynolds number evaluated at
adiabatic wall temperature of 1.05 x 106. This is well within the tur-
bulent flow region.

When there is no heat flux, the skin temperature approaches the
adiabatic wall temperature (1230°R) as a limit. With heat flux, the
skin approaches some temperature. sufficiently below the adiabatic wall
temperature to provide temperature potential for the heat flux through
the air film. In either case it is apparent that the skin achieves sub-
stantially its limiting temperature within four minutes flight time.
The tick marks at the beginning of the horizontal portion of the curves
indicate the time at which the skin temperature is only 2R below its
limiting value. This E•me indication is used in succeeding plots.

The small difference in limiting temperatures between qc = 0
and qc = 800 Btu/hr-ft 2 indicates that considerable variation in heatflux could occur during a flight without having appreciable effect on

the skin temperature. This suggests the possibility of analyzing heat
transfer processes between-the skin of a compartment and any equipment
within by using a constant skin temperature, since variations of heat
flux between the skin and equipment would not have sufficient effect to
change the skin temperature appreciably. Figure IV-2 indicates that the
skin temperature selected for such an analysis should be selected appro-
priate to the order of magnitude of the estimated heat flux. If the heat
flux is small, the adiabatic wall temperature is used. If the heat flux
is large, the external film heat transfer coefficient should be evalu-
ated using equation (IV-3) or (IV-4) and the appropriate skin temperature
determined from equation (IV-2). By means of such a preliminary calcu-
lation, the evaluation of external film heat transfer coefficients is
eliminated from the calculation of heat transfer between the external
air and equipment within the aircraft thus reducing labor in making cal-
culations. It is obvious from the results shown that a constant skin
temperature could not be assumed for a very short flight. The use of
this simplification is restricted to flight durations that are long

5
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compared to the initial skin heating period. The heat flux is seen to

have little effect on the duration of this initial heating period.

2. Flight Altitude

The effects of flight altitude on temperature rise cn a skin

are shown in Figure IV-3. The cases shown are for no heat flow, Mach

number 3.5, and initial skin temperature of 392*R. The minimum Reynolds

numbers as evaluated at adiabatic wall temperature and for a characteris-

tic length of 3 feet are as follows:

Altitude Re

4o0,000 ft. 2.72 x 106

60,000 ft. 1.05 x 106

8o,ooo ft. 4.03 x 105

100,000 ft. 1.56 x 105

The values of Re for the two highest altitudes are below the critical
turbulent value of Re = 5 x 105 for a flat plate. However, since they
are well above the minimum value of Re = 8.4 x lo* for transition flow,
turbulent flow heat transfer coefficients are used.

The plots of skin temperature versus time in Figure IV-3 show
reduced rates of heating of the skin with increased altitude. Since all
cases shown are for the same flight speed and for the ambient temperature
of the isothermal layer, the difference in performance is due to the
variation of air pressure with altitude only. From equation (IV-4) it
is apparent that the film heat transfer coefficient is proportional to
(P)0.6, so that the lower pressure at higher altitude reduces the heat
transfer coefficient. This effect is important in its relation to the
assumption of a constant skin temperature for analyzing heat transfer
between the skin and equipment. The assumption is not valid for flights
at very high altitude, unless the flight time is in the order of about
100 minutes.

3. Flight Speed

The effects of flight speed on temperature rise of a skin are
shown in Figure IV-4. The cases shown are for no heat flux, altitude
60,000 feet, and initial skin temperature 3920R. The minimum Reynolds
numbers as evaluated at adiabatic wall temperature and for a character-
istic length of 3 feet are as follows:

Mach Number Re

1.5 1.79 x 106
2.5 1.49 x 106
3.5 1.05 x 106
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The Reynolds numbers decrease with increasing flight speed because of
the change in adiabatic wall temperature. As flight speed increase,
adiabatic wall temperature increases, giving reduced air density and
increased viscosity. Both of these effects tend to reduce the Reynolds
number, and their combined effect is greater than that of flight speed,
which tends to increase the Reynolds number. All of the Reynolds num-
bers indicate turbulent flow.

The plots of skin temperature versus time given in Figure (IV-4)
indicate that the time required for the skin to approach very close to
adiabatic wall temperature is decreased slightly for increase of flizht
speed from Mach = 1.5 to Mach = 3.5. The more rapid heating, in the case
of the higher flight speed, results from the higher heat transferocgef-
ficients at higher flight speeds, since ho is proportional to (u) and
the greater average temperature potential, (Tad-Tw). The higher tempera-
ture level tends to decrease heat transfer coefficients at higher flight
speeds since ho is proportional to 1/(Tw)0 " 5 , but this effect is dominated
by the other two. It is therefore concluded that the validity of assuming
a constant skin temperature for analysis of internal equipment heat trans-
fer processes is nearly in5pendent of flight speed in the supersonic range.

4. Thermal Capacity

The effects of skin thermal capacity on the temperature rise
of a skin in supersonic flight are shown in Figure IV-5. The cases
shown are for no heat flux, altitude 60,000 feet, and flight Mach num-
ber 3.5. As for the earlier cases under these conditions, the minimum
Reynolds number is 1.05 x 106, indicating turbulent flow at a character-
istic length of 3 feet. The skin thermal capacity is displayed in terms
of skin thickness, since, by equation (IV-9), thermal capacity is directly
proportional to skin thickness.

The plots of skin temperature versus time show that the time
required for a given temperature rise is almost directly proportional
to the thermal capacity of the skin. Therefore, if the skin thickness
is doubled, the time required for it to rise to nearly its maximum tem-
perature will be approximately doubled. The skin thermal capacity is
therefore important in determining the validity of the constant skin
temperature assumption for interior heat transfer processes. A thick-
skinned missile could not achieve substantially constant skin tempera-
ture on a flight of short duration. Therefore the effects of skin ther-
mal capacity and outside film heat transfer coefficient would have to be
included in the analysis of heat transfer between the air and the equip-
ment of such a missile.
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APPENDIX TO SECTION IV

1. Calculation Procedures and Sarýple Calculations

Detailed calculation procedures are given here, together with
sample calculations, to illustrate the use of equations (IV-12) and
(IV-13) for evaluation of skin temperature rise in supersonic flight.
There procedures are based on turbulent flow conditions.

Procedure A. Temperature rise of an aircraft skin in supersonic
flight with heat flux through the skin.

Given Data:

Altitude = 60,000 ft.
Mach number, M = 3-5
Initial skin temperature, Twl - 392*R

Stainless steel skin, w = 0.664 in.
c= 0.11 Btu/lb-OR

"w = 49o lb/ft
3

Characteristic length, x = 3 ft.
Heat flux, qc = 800 Btu/hr-ft 2

Calculate time when Tw = 900-R

1. Get Toe from NACA Standard Atmosphere in Table AI-1,

Tos= 519Po e0 - 0.7561 Tos = 519 x 0.07561 = 392°R

2. Calculate
u W M (~LEg RT0 8

u = 3.51.14 x 4.17 x 108 x 53.3 x 392 = 1225 x 104 ft/hr

3. Assume Tad Tad = 1230 0 R

4. Evaluate r - Y at Tad, using physical properties of

of air from Figure AI-I at Tad

r m 7 - 0.871

5- Calculate Tad = To0 + r/ u2)

Tad 392 + (1225 x 104)2 x 0.871 - 1232 0 R
ad 2 x 4.17 x i0 x 778 x0.2 4

( for c evaluated at 3920 R)
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If the calculated value of step 5 agrees within 10OR
with the assumed value of step 3, take the calculated
value as correct. Otherwise use the calculated result
as the assumed value for the next trial, and repeat for
agreement within 106R.

6. Get P from NACA Standard Atmosphere of Table AI-I.
= 211860 go 0.0713 r, = 2118 x0.0013

0= 150.91b/fte

7. Calculate

RTad

1 - i1o.9 = 0.0023 Ib/ft 3

53.3 x 1232

8. Get P at Tad from physical properties of air, Figure

AI-I p = 0.08 ib/ft-hr

9. Calculate

Re = ux

Rewý 0.0023 x 1225 x i04 x 3 = 1,056,000
0.08

(this value indicates turbulent flow, therefore the
remainder of the procedure, based on equation (12),
is applicable).

10. Calculate
m c = ____c_

ww 12

rowcv .7o x o.11 x 0.o64 - 0.288 Btu/°R
12

11. Calculate
a.:= 0.212 0( P)0'8,• Lyu• I(•

a = 1.358 x 106

12. Calculate
b - -

.2m~c.

b = -1391
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Cv-MD|l

13. Calculate

C M -1100

14. Calculate

vI = 19.80R

15. Calculate

A -=�i�( )+ (.-)loge(a+bvl+cvI) -2 [ ) d

A - -1.108 x 10-2

16. Calculate
v "M w lFT --

v = 31.62

17. Calculate

( ()) (- 22 loge (a+bv+cv 2 ) + (Lb2- 2 ac) -2 tanh-l(2cv+b) + A

r =0.01779 hr
or -e = 1.068 min

Procedure B. Temperature rise of an aircraft skin in supersonic
flight without heat flux throughtthe skin,

Given Data:

Same as example of Procedure A, except %c - 0 Btu/hr-ft 2

Steps 1 through 13 of Procedure 1 are followed to evaluate the
Reynolds number and determine the substitution constant, c.

14. Calculate

"v1 = [Twl - =392

v, = 19.8

15. Calculate
B = (.U)+ -/4 -a1og~c • ý! e . -I

B =-e.00232
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16. Calculate

v = 31.62

17. Calculate

I& loge (.;adv ) +' (X~) + B

T= 0.01582 hr

or T' = 0.95 min

2. Reference

(IV-i) Johnson, H.A. etal A Design Manual for Determining the Thermal
Characteristics of High Speed Aircraft Army Air Forces Tech-
nical Report No. 5632, 10 September 19147, Wright Field, Dayton,
Ohio
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SECTION V

TEMPERATURE RISE OF EQUIPMENT IN AN UNCOOLED
COMPARTMENT DURING SUPERSONIC FLIGHT

By T. C. Taylor, Y. H. Sun, and M. L. Smith

Aircraft equipment will not always require cooling in supersonic
flight, even though the flight speed may be great enough to give a skin
temperature considerably above the maximum allowable equipment tempera-
ture. If at the beginning of flight the equipment is below its maximum
allowable temperature, it can absorb heat because of its thermal capac-
ity. The quantity of heat that can be absorbed in this way is propor-
tional to both the thermal capacity and the equipment temperature rise
that can be allowed during flight time. Where the combined effect of
these factors is great enough, operation of the equipment within the
proper temperature range is possible without cooling for flight dura-
tions of practical interest. Heat absorbed by uncooled equipment con-
sists of heat which comes into the equipment compartment through the
aircraft skin and heat which is generated in the compartment itself.
The first of these two heat loads can be reduced by insulation effects
and radiation shielding. The generated heat load usually cannot be
reduced in an uncooled compartment but its temperature-raising effects
can be minimized by increased thermal capacity within the compartment.

The uncooled equipment compartment has the merits of physical
simplicity and reliability of performance. Therefore it deserves first
consideration in seeking a system to meet desired performance .character-
istics.

SUMMARY

The temperature rise of equipment due to external and generated
heat loads in an uncooled compartment is considered. The external heat
load is assumed to consist entirely of free convection and radiation
heat transfer frcm the portion of the aircraft skin or the skin insula-
tion associated with the compartment. The air pressure in the compart-
ment is assumed to be constant and free convection heat transfer is
described by using coefficients which are the average of those for a
number of regular geometrical shapes. Thermal capacities of skin insu-
lation and air in the compartment are neglected.

Equations are developed, based on a unit skin area, to describe
radiation and free convection heat transfer. Calculation procedures
based on these equations are given in a general form. The variables
describing equipment and compartment characteristics are expressed on a
unit skin area basis, lermitting wide application of the method.to the
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study of factors significant to the time-temperature performance of
equipment in an uncooled compartment. The significant variables studied
are equipment thermal capacity, skin insulation thickness, equipment
heat generation rate, ratio of free convection to radiation heat trans-
fer area, compartment air pressure, free convection modulus, and. skin
temperature. The time-temperature performance evaluations are all made
for constant skin temperature, a condition approximated by high flight
speeds at constant Mach numbers and constant altitude.

Results of calculations made with the general procedure are used to
develop a simplified analysis, based on the nearly linear variation of
external heat load with equipment temperature. A design procedure is
based on the simplified analysis, and permits determination of the insu-
lation thickness required to limit equipment temperature rise to a
desired value. An example design is included with the procedure. The
results of a large number of calculations made with the analytical pro-
cedures are given. Based on these results, the effects of significant
equipment and compartment characteristics can be summarized as follows:

1. Thermal capacity of equipment has a strong delaying effect on
equipment temperature rise in an uncooled compartment. The time rate of
temperature rise ls directly proportional to the sum of external and gen-
erated heat loads, and inversely proportional to the thermal capacity
of the equipment. Therefore if the thermal capacity of the equipment
is doubled, the time required for a given temperature rise is doubled
under the same conditions of external and generated heat load. Thermal
capacity is the only influence in an uncooled compartment which tends to
offset the temperature rise created by both external and generated heat
loads. Therefore where space and weight requirements permit, thermal
capacity should be added deliberately to a compartment to delay tempera-
ture rise.

2. Skin insulation can be used to reduce the external heat load on
compartment. In the case of non-heat-generating equipment, insulation
is therefore an effective -means of delaying equipment temperature rise.
In the case of heat generating equipment, insulation is less effective
in delaying equipment temperature rise, since it has no effect on the
generated heat load. For example, an increase of insulating effect
from Ui = 1.0 Btu/hr-ft 2 -_ to Uij= 0.20 Btu/hr-ft 2 -°R increase the time
required. for equipment of.certain characteristics to-heat from l60 0R to
860OR from 111 minutes to 385 minutes flight time with a constant skin
temperature of 1355 0 R. For equipment of the same characteristics, but
generating 150 watts per square foot of skin area associated with the
compartment, the same increase of insulating effect increases flight
time only from 50.5 minutes to 75 minutes. Under unfavorable combina-
tions of high generated heat load and low thermal capacity, the space
requirements of insulation are likely to be objectionable, particularly
in small compartments.
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3. The equipment's ratio of free convection surface area to
radiation surface area is important in determining the relative magni-
tude of the equipment's heat gain by free convection. Where possible,
equipments should be grouped in a manner which reduces the area avail-
able to free convection, such as by butting surfaces against one another,
or providing spawings of 3/8-inch and less between equipment surfaces.
The same results could sometimes be achieved by encasing a large number
of small equipment components together in a single case. The effects of
the ratio of convection to radiation surface area are important only
where free convection heat load is important compared to generated heat
load, radiation heat load, and thermal capacity.

4. Compartment air pressure has great influence on the rate of heat
transfer by free convection, and therefore is significant to the rate of
equipment temperature rise with time Heat transfer rate by free convec-
tion is proportional to Sh/e or S2V3, depending on physical and temper-
ature gradient conditions, where S is the compartment air pressure,
expressed in standard atmospheres. Therefore, the free convection heat
load to the equipment can be reduced greatly by maintaining low air pres-
sure in the compartment. If this does not Jeopardize equipment operation,
it is a good means for obtaining insulating effect against the free con-
vection portion of external heat load, without the spare and weight
penalties of insulating materials. As an example, for non-heat-generating
equipment in an uninsulated compartment with a skin temperature of 1355 0R,
a reduction of compartment pressure from 6 = 1.0 to 8 = 0.10 reduces the
average rate of equipment temperature rise by almost 80 percent. This
percentage is based on a temperature rise from 460°R to 960oR in both
cases. For heat generating equipment, the effect is qualitatively the
same, but less pronounced.

5. Surface emissivities of equipment bodies and of the aircraft
skin or its insulation are important to heat transferred by radiation.
Low emissivities reduce radiation heat transfer. Reflective surfaces
should therefore be used to protect equipment from excessive external
heat load due to radiation.

ANALYSIS

1. Assumptions for Analysis

Since an uncooled equipment compartment is considered, it is
assumed that there is no flow of air into or out of the compartment except
as required to maintain constant pressure. It is also assumed that the
heat transfer process between the skin and the equipment takes place only
through those faces of the equipment compartment which are contiguous with
the skin or its insulations, and that no other heat transfer is involved.
As an example, Figure V-h shows a cylindrical tompartment containing
equipment, and assumed to form part of a ramjet engine centerbody.

0
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EQUIPMENT
_________BULKHEAD

Figure V-1. Schematic of Compartment in a Raujet Centerbody

Under the assumnptions made., heat flows from the centerbody skin
into the compartment through the insulated wall only., and no heat is trans-
ferred through the interior walls.* It is also assumed that no heat is
transferred between skin and equipment by solid conductionV which re-
quires that the eqtzipment shock mounts do not attach to the skin or itsinsulation, or that whatever they do attach to is well insulated and sub-
stantially at equipment temperatures. Transfer of heat between the skin'
and equipment occurs., therefore., by conduction through the skin insula-
tion and by free convection and radiation within the compartment.

It is assumed that efficient use will be made of the compartment
space,, so that the total of all equipment placed inside will nearly fillthe compartment. This permits simple analytical treatment of radiation
heat transfer as the case of a totally enclosed bodyj, large compared to
its enclosure. Since it'is desired to hold radiation heat transfer to aminimum, it is assumed that the skin insulation., where used., is faced onthe inner face with a reflective materialj, such as aluminum foil. it isalso assumed that the equipment is cased with a reflective outer surface.,although the analysis is general and permits evaluation of instances wherereflective protection is not used on either skin Insulation or equipment.
In addition to the physical configuration and the surface emissivities,
radiation heat transfer is also a function of the inner face temperature
on the skin or insulation, and of the equipment temperature. For calcu-
lation of radiation and free convection heat transfer., it is assumed thatall parts of the equipment surface are at the same temperature. Thiswould not actually be true because of variations in surface area., sur-
face emissivity., location., thermal capacity,. and heat generation rate ofdifferent equipment bodies. * The single temperature, however, can be in-terpreted as a value which appropriately describes an average condition
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for the entire equipment surface.

Ordinarily, the equipment installed in an aircraft compartment
would be of a variety of shapes and sizes. Fortunately, however, the
free convection heat transfer coefficients for vertical plates, horizon-
tal plates facing upward or downward, horizontal and vertical cylinders,
and spheres do not vary greatly, so that an average coefficient can be
used, eliminating detailed consideration of each equipment surface. This
same average value of free convection coefficient applies to the inner
surface of the aircraft skin or its insulation, if any. In the use of
these coefficients 'it is assumed that the free convection heat transfer
is the same for heating or cooling of a surface. Present knowledge does
not warrant making a finer distinction. The surface area of the equip-
ment which is significant to free convection heat transfer is greater
than that involved in radiation heat transfer, as there will usually be
surfaces accessible to air circulation which are not "seen" by the air-
craft skin. This is accounted for in the analysis by introducing the
ratio of convective to radiant heat transfer area.

In the derivations to follow, the thermal capacities of the air
in the compartment and the skin insulation have been neglected, since
they would not be large enough ordinarily to be important. The omission
of these two thermal capacity effects has a slightly conservative influ-
ence on the calculated equipment temperature rise, since the calculated
rise is slightly greater than the actual rise would be.

The heat transfer processes analyzed here are confined to those
taking place inside of the aircraft skin, and the equations are put in
a form suitable for the case of constant skin temperature during the
flight. The assumption of constant skin temperature gives conservative
results for equipment temperature rise if the proper interpretation of
the skin temperature is observed. For instance, if the skin temperature
used is the adiabatic wall temperature corresponding to flight speed and
altitude of the aircraft, the calculated equipment temperature rise is
greater than would actually occur. The true skin temperature will be
less than adiabatic wall temperature by an amount depending on the con-
vection heat transfer coefficient on the outside of the skin and the heat
flux through the skin. Therefore, the use of adiabatic wall temperature
in place of true skin temperature assumes a greater temperature potential
for the transfer of heat from the skin to the equipment than would exist,
actually giving conservative results for temperature rise. If the re-
covery factor for the outside surface of the skin is neglected, and the
skin temperature is taken as total temperature for the flight speed and
altitude, the results are even more conservative.

0
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2. Nomenclature

Symbol Definition Units

A Surface area ft
a Empirical constant for external Btu/hr-ft 2

heat load
at A convection group, defined in

equation (V-7)
a'' A convection group, defined in

equation (V-9)
B Temperature function for radia- OR3

tion heat transfer
b Empirical constant for external Btu/hr-ft 2 -oR

-heat load
C Empirical coefficient for free

convection dimensionless

c Specific heat Btu/lb-°R
c Specific heat at constant pres- Btu/lb-eR

C sure
d Empirical exponent for free con- dinsionless

vection
Gr Grashof modulus a gB9L3Y2  dimensionless

g Gravitational constant = 4.17x08 ft/hr2

h Heat transfer coefficient Btu/hr-ft 2 -AR
k Thermal conductivity Btu/hr-ft 2 -oR
L Characteristic" length for free

convection ft
M Weight lb/ 2

m Weight based on unit skin area lb/ft

Pr Prandtl modulus c dimensionless

Q Heat load Btu/hr
q Heat load based on unit skin Btu/h_-ft 2

area
R Ratio of free convection heat trans-

fer area to radiation heat trans- dimensionless
fer area

T Absolute temperature OR
U Thermal conductance Btu/hr-ft 2 -'R

Volume coefficient of thermal ex- l/OR
pansion for air

J" Weight density lb/ft 3

SPressure atmospheres
eEmissivity for radiation heat dimensionless

transfer
C Emissivity function dimensionless
0 Temperature p6tential across free OR

convection film
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Symbol Definition Units

Ge Temperature rise ,R
p Viscosity lb/ft-hr

STime hr
Time min

Subscripts

a Refers to air
c Denotes free convection value
e Refers to eqi4.pment
g Denotes generated value
i Refers to insulation
m Denotes value at middle of time interval
o Denotes external value or standard value
r Denotes radiation value
w Refers to skin

1 Denotes value at start of a time interval
when used with temperature

2 Denotes value at end of a time interval
when used with temperature

1,2j,..,n Refers to a series of materials

3. Derivation of Equations

a. Heat Transfer by Conduction Through Skin Insulation

The equation used to describe heat conduction rate from the
skin to the inner face of the skin insulation per unit skin area is,

-= (Tw - Ti), (V-i)
xi

where ki is the thermal conductivity of the insulating material at the
average of the face temperatures, (Tw+Ti)/2. This is the equation for
a plane wall of insulation (Ref. V-1), since it is assumed that the two
face areas of the insulation are substantially the same. During a tran-
sient heating problem the average of face temperatures varies with time,
making it necessary to account for the variation of insulation thermal
conductivity with temperature. For a given thickness of insulation, xi,
the quotient (ki/xi) is denoted by Ui, and called the insulation con-
ductance. The variation in value of Ui with temperature can be accounted
for in a stepwise calculation of heat conduction by using a plot of values
of Ui versus temperature, and using a value for each step of the calcu-
lation which is appropriate to the temperature of the insulation during
that step. The characteristic of such a plot is different for different
insulating materials. Appendix II contains information on the thermal
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conductivities of various insulating materials appropriate to this study,
and presents graphical aids for computational use.

b. Heat Transfer by Radiation

Heat transferred by radiation from the inner face of the skin
or skin insulation to the equipment can be described by the equation,

= 0.174 x 108 1 [Ti 4 Te (V-2)

as presented in standard heat transfer texts (Ref. V-l). This equation is
more conveniently handled in the form,

qr_= hr ( Ti - Te) (V-3)

where it is apparent that,

(T (T Te 4

hr = 0.l174x i08 i e

(Ti - Te)

For calculation purposes, this is put in the form

hr = 17.4 x 10-4 1 1 1(T -"00 ' (V-4)

hr =17. X 10 ~+L-1 (Ti' Te

ei ee U-10) - 100/

In the evaluation of any particular compartment, the emissivity values for
surfaces are taken as constant, so that equation (V-4) can be reduced to
a constant times a function of the temperatures, Ti and Te. Figure AIV-I
gives a chart of this temperature function versus Ti and Te, which can be
used for radiation heat transfer calculations. The individual values of
emissivity, Cl and 62 are chosen for the material and condition of the
radiating and receiving surfaces. The possible range of values is from
C 0.02 for highly polished copper to e'0.98, for rough steel plate or
certain painted surfaces. In most of the evaluation cases it may be
assumed that ii = 0.10 and Ce = 0.20; values whichzrepresent aluminum or
aluminum-treated surfaces that are somewhat oxidized from high temperature
exposure.
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c. Free Convection Heat Transfer Coefficients

An equation to describe free convection heat transfer
coefficients is taken from Reference (V-i),

k (gPeL3 • 2cpjd

h = C (- eLY P1 (V-5)

where the exponent, d, assumes values in accordance with the schedule,

(Gr x Pr) = ,L3 1 2 cp
)k d C

lo3-lo9  1/4 0.532

> 109 1/3 0.120

The value of C to use in equation (V-5) is also dependent upon the value
of the modulus (Gr x Pr), but in addition, is dependent on the shape and
position of the surface. As discussed earlier, it is convenient to use
a value of C which represents a good average for a variety of surface
configurations, and those values shown in the schedule are such average
values. In particular, it is noted that the free convection coefficient
is somewhat simplified when (Gr x Pr)>10 9 , as it becomes,

hc = 0.12k (E)-ec p )1/3 (v-6)

where the characteristic length L is no longer involved. All of the
physical properties of air in equation (V-6) are functions of temperature,
except )' which is a function of temperature and pressure. Since I' is
directly proportional to pressure, it can be written - = J11, where ".o
is the air density at one standard atmosphere, and S is the compartment
air pressure in atmospheres. Substituting this, and rearranging, equa-
tion (V-6) can be written

fat 2/ 1/3hc P I /3) 2/3 ) (e) (V-7)

where~~~~ 0.12k (or /

A plot of the quantity (a'/S2/3) as a function of temp rature may be used

in evaluating equation (V-7). When (Gr x Pr) = 10 3 -l0o, equation (V-5)
becomes,

h = 0.532 __L3__ _cp (1/V-8)
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where the characteristic length L remains in the equation, and must be
defined before the equation can be used. Applying a similar line of
reasoning tb that used in deriving equation (V-7), equation (v-8) can
be put in the form,

h1/2rLl4 (/81/2) (9)14 (-9)

/ a 1/
where at 1go c

I 0.532 k

The problem of assigning an appropriate value to L in equation (V-9) is
not clear cut. Reference (V-l) discusses methods for selecting L for
single bodies of various configurations. In the case of a number of
pieces of equipment installed in a compartment, however, the character-
istic length should be properly interpreted. If the separate bodies
are freely spaced, individual values of L for the separate bodies might
reasonably be-averaged for an overall value. If several bodies are
closely packed so as not to allow free circulation of air between them,
the overall external dimensions of the group could reasonably be used as
characteristic dimensions for that group. Fortunately the value used
for L does'not influence the value of hc in equation (V-9) heavily, so
that approximate values of L can be expected to give good results.

The transient equipment heating problem at hand is one in which
both the temperature level and the temperature difference 8 vary. It
is therefore not immediately clear which of the equations (V-7) or (V-9)
to use in a given case of which all initial conditions might be known.
It will be shown later that for values of L of approximately one foot,
equations (V-7) and (V-f) yield very nearly the sameresult, making it
possible to obtain good results for many problems using either equation.

d. Heat Transfer by Free Convection

It is necessary to develop an equation which makes proper
use of the free convection heat transfer coefficients in describing
heat transfer between the interior skin or insulation temperature Ti and
the equipment temperature Te. Heat coming in from the skin and through
the skin insulation must next pass by free convection to the air in the
compartment or by radiation directly to the equipment. That portion of
the heat which enters the air by free convection is described by the
equation,

% = hci (Ti - Ta) (V-10)

where (Ti - T ) is the value of 9 to use in determining hci from equation
(V-7) or (V-9t, and where qc is the time heat transfer rate by free con-
vection, for a unit skin surface area. The group (a'/ 2 /3) of equation
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(V-7) or (a'L 1/4/ S1/2)of equation (V-9) is evaluated at the tempera-
ture (T + Ta)/2. This same rate of heat transfer must pass by free
convection from the air to the equipment, as described by the equation,

qc = Rhce (Ta - Te) (V-11)

where (Ta - T ) is the value of e to use in determining hce from equation
(V-7). or (V-91 and R is the ratio of total free convection surface area
of equipment to total aircraft skin area associated with the compartment.
The group containing physical properties of air for equatioa (V-7)-or
(V-9) is evaluated at the temperature (Ta + Te)/2. These two equations
are then rearranged and added to give

qc qc (Ti Ta) + (Ta -Te)
hci + Rhce

Then
1-- 1 (Ti -Te) = h (Ti - Te) (V-12)1 + 1...c

hci Rhce

e. Combined Heat Transfer by Conduction, Radiation and Free
Convection

As discussed above, equations are available to describe com-
pletely the details of the heat transfer processes between the aircraft
skin and the equipment. Equation (V-1) is used to describe heat conduc-
tion from the skin to the inner face of the insulation, equation (V-3) is
used to describe heat radiation from the inner face of the insulation to
the equipment, and equation (V-12) is used to describe heat transfer by
free convection from the inner face of the insulation to the equipment.
Writing a heat balance for the combined effect of all these processes
gives the equation,

qo = qr + qc

Then, by substituting, and denoting the overall free convection coefficient
of equation (V-12) by hc,

qo = Ui(Tw - Ti) =(hr + hc) (Ti Te)

Then,

q_ + q - - Ti + (T-
Ui hr + hc Te)
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* or,

q = 1 (Tw - Te) (V-13)
o 1 + 1

U r + hc

where the heat transfer rate per unit skin area is shown as a function of
the insulation conductance, the radiation coefficient, the overall free
convection coefficient, and the temperature difference between the skin
and the equipment. Since all of the heat transferred is stored in the
thermal capacity of the equipment, another heat balance equation may be
written, for the case where there is no heat generation in the compartment,

qO = meCe A~e (V-14)

In equation (v-14) the thermal capacity product mece is based on me as
the average weight of equipment per unit skin area associated with the
compartment, and ce is a weight-average specific heat for all equipment
material. A method for determining the thermal capacity product on a
unit skin area basis is given later with the calculation procedure.

If there is heat generation in the -compartment, equation (V-14) is
modified to

qo + q%= mece (V-15)
A '

where q, is the heat generation rate of the equipment, based on a unit
skin area.

4. Procedure for Calculation of Equipment Temperature Rise with

Time

a. General Method

Although the equations developed are sufficient to describe
heat transfer from the skin to equipment, they cannot be combined to yield
a direct solution for temperature rise of equipment with time. This results
from the complicated functions which must be used to describe radiation
and free convection heat transfer coefficients. Coefficients of both
types are involved in the term qo of equation (V-15), and are functions of
Ti, Ts, and Te. For any instant of time, the temperatures Ti, T a, and Te
are in turn functions of qo itself, indicating the complexity of the prob-
lem. It is therefore necessary to use a stepwise calculation process,
applying the equations to short, finite intervals of time for which the
heat transfer coefficients are substantially constant. Two such step-
wise procedures are conveniently applicable to this problem. In one, the
values of all coefficients are based on temperatures at the beginning of
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an interval. The coefficients are then used to calculate heat transfer
rates, and to calculate the temperatures at the end of an interval. This
method permits direct calculation for each interval. In the second meth-
od, values of the heat transfer coefficients are based on average tempera-
tures within an interval. Since these temperatures are unknown at the
beginning of an interval calculation, it is necessary to assume them and
then check ther later, which is a trial and error process. This method
involves more calculation labor and requires more skill than the first
one described, but for equally sized intervals it is more accurate. The
trial and error method is described here, since it is more generally valid.
A detailed calculation procedure, together with a sample calculation, is
given in the Appendix to this Section.

The calculation is more conveniently carried out on the basis of heat
transfer per unit area of tho skin. This requires that the total surface
area of the equipment for purposes o' free convection heat transfer be
determined, and divided by Aw, the total skin area associated with the
compartment, to give Roo The total surface of equipment which is acces-
sible to free convection can only be estimated. In general, it is the
entire external surface area, minus those areas which face narrow gaps
(3/8-inch and less), or which are located so as to be inaccessible to free
circulation of air. The thermal capacity of equipment is also expressed
on a unit area basis. Thus, if Aw denotes the skin area and Me denotes
the total weight of equipment in the compartment,

m = Mle T

and if there are N1 pounds of material having specific heat c1 in the com-
partment, N2 pounds of material having specific heat c 2 in the compartment,
and so on,

C = MlCl + M2 C2 + + MnC

e

Heat generation by the equipment is also expressed on a unit skin area
basis. If Qg is the total heat ganeration rate for the compartment,

q= Qg

The procedure described here is for the case of constant aircraft skin
temperature, as approximated by constant flight speed and altitude. Mod-
ifications required to account for varying skin temperature will be in-
dicated later. Equation (V-7) is used to describe free convection heat
transfer. The corresponding procedure for use of equation (V-9) requires
no special attention other than defining a value of L.

0
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b. Calculation of Initial Temperatures

Calculation begins with the value of Tv assigned and the in-
itial value of Te assigned as Tel. It 'is then necessary to assume initial
values of Til and Tal , and evaluate hr using equation (V-4), hci using
equation (V-7), and hce using equation (V-7). Experience in performing
calculation of this type will aid in selecting values of Til and Tal for
the, first trial. In the absence of such experience it can only be pointed
out that both Til and Tal lie between Tv and Tel with Til > Tal for
TV > Tel. After determining hr, hci, and hce, equations (V-1) and (V-13')
are combined and solved for Til, and equations (V-10) and (V-12) are com-
bined and solved for Tal. If the values of Til and Tal resulting from
this calculation agree with those assumed, they are correct. If not, new
values of Til and Tal must be assumed and the calculations repeated until
agreement of assumed and calculated values is obtained. It has been found
from experience that the calculated results are closer to the true values
of Til and Tal than the assumed values, so that in a series of trials,
the results of one calculation can be used as assumed values for the next
calculation. Thus far the work "indicated has determined only the initial
values of Til and Tal corresponding to the assigned values of Tv and
initial Tel*

C Calculation of Transient Temperature Rise

The analysis of transient performance begins with an assumed
time interval, W. during which all temperatures rise from their initial
value, indicated by subscript 1, to their final value for this time inter-
Val, indicated by subscript-2. The proper size of time interval to use
is dependent on the accuracy required in the transient calculation. The
variation of temperature Ti, Ta, and Te with time is in general not linear,
although a time interval calculation process of the type to be described
assumes that the variation can be considered linear for short, finite
intervals of time. The surest way to determine whether the intervals
selected are short enough is to experiment with time intervals of various
lengths to find the largest which may be used without detriment to accu-
rate results. The reader ig referred to paragraph (d) of this section
for a discussion of the size of time interval to use and the agreement
which is required between assumed and calculated temperature values.

For any time interval selected, it is necessary to assume values of
Ti2, Ta2, and Te2. Then hr is determined based on Tim and Tem, where
Tim is equal to (Til + Ti2) /2, and so on for the other temperatures.
hci is found for Tim and Tam, and hce is found for Tam and Tem. Equation
(V-13) is then used to determine qo using the mean temperatures (subscript
m), after which equation (V-15) can be solved for ATe. The calculated
value of Te2 is then found from Tel and ATe. Equations (V-1) and (V-13)
are then used as before to check the value of Ti2, and equations (V-1O)
and (V-I).are used to check the value of Ta2. If the calculated results
of Te2, Ta2, and Ti2, do not agree with assumed values for the interval h(,the
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calculation is repeated, taking the calculated results of the first trial
as the assumed values of the second trial. On successful completion of
an interval, the results Ti2, T.2. and Te2 are used as initial values
Til, Tal, and Tel for the next iterval, and the entire trial and error
process is repeated until the time span or temperature span of interest
for the equipment has been covered.

The calculation procedure described above is given in greater detail
in the Appendix to this Section. Although the detailed procedure in
analytically the same as described, in certain cases algebraic modifica-
tions are made to make the procedure amenable to slide rule calculations.
The procedure is somewhat simplified in cases where there is no skin in-
sulation, since Ti then becomes Tw, and the number of assumed values re-
quired for calculating aniLinterval is reduced from three to two. This
simpler procedure for an uninsulated compartment is also given in the
Appendix to this Section.

d. Characteristics of the Calculation Procedure

The trial and error calculation procedures are somewhat
lengthy, and require some practice before a computor can advance from one
interval to the next with only one or two trials. Fortunately, however,
a rather wide discrepancy can exist between the assumed temperature values
and the calculated temperature values without affecting the accuracy of
the latter appreciably. A careful analysis has shown that the most serious
error in equipment temperature rise calculated for an interval occurs when
there is no skin insulation, and no heat generation by the equipment. Under
these circumstances it was found that if the calculated equipment tempera-
ture is within 7*R of the assumed value, the calculated value of equip-
ment temperature rise for the interval is accurate within one per cent.
For cases with insulation and/or heat generation, the discrepancy allowable
between assumed and calculated values is greater. Actually the discrepancy
of 7"R is mort ample, since a computor can easily assume values within 3
or 4"R of the calculated results, which is the standard of accuracy main-
tained in all of the calculations reported in this Section.

The analysis of the effect of interval size on the accuracy of cal-
culated equipment temperature rise has shown that initial intervals Qf
&T' = 15 minutes are sufficiently small to give at least one •er cent

accuracy of the calculated temperature rise. This applies only to the cal-
culations made for this Section, however, and in general it is necessary to
experiment with differently sized intervals to determine the largest that
can be used. For example, a calculation may be started using a single
ten-minute .interval, and then reworked using two five-minute intervals. If
the results at ten minutes are in substantial agreement, the ten-minute in-
terval can be used with confidence. If not, further reduction of the in-
terval size should be tried until the largest accurate time interval al-
lowed is found. It should also be noted that an interval which is ap-
propriately sized for the initial part of a calculation may be too large
or unnecessarily small for later intervals in the calculation.
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.Therefore a few spot checks should be made during a calculation to

see that the proper size of time interval is being maintained.

e. Extension of the Procedure Required in the Case of
Variable Skin Temperature

Although the procedure described is for the case where the
skin temperature can be considered constant, it is also possible to
evaluate a case in which the skin temperature varies. This would occur
for varying flight speed, or where the heat flow through the skin is
large and varying, while the outside convection coefficient on the
skin is small. To evaluate such a case, the outside convection co-
efficient must be evaluated for each time interval, using the re-
lationships given in Section IV. This requires the introduction of
another assumed value, Tw, into the procedure for calculating each
time interval. In most cases the skin thermal capacity can be neg-
lected, as found in Section. IV.

EFFECTS OF EQUIPMENT AND COMPARTM.NT CHARACTERISTICS

1. Thermal Capacity

The effects of thermal capacity of equipment on the tempera-
ture rise of equipment with time are shown in Figure V-2. The cases
whown are for non-heat-generating equipment in a compartment without
insulation. The initial equipment temperature is 460@R, and the con-
stant skin temperature is 1355°R (the total temperature corresponding tc
to a flight M1ach number of 3.5 in the isothermal layer). Equation
(V-7) is used to describe the face convection relationships for this
figure. To illustrate the significance of the thermal capacity values
shown, consider a compartment having an associated skin area of 18
square feet, and containing 200 pounds of equipment. If the equip-
ment consists of aluminum, iron, and ceramic parts, the entire mass of
equipment might have aiq average specific heat of the order of
0.18 Btu/lb-°R, so that the thermal capacity on a unit area basis
would be (200 x 0.18)/18 = 2, which is one of the cases shown.

It is readily seen from the cases s'hown in Figure V-2 that the
time required for equipment to heat to any given temperature is about
proportional to the thermal capacity of the non-heat-generating equip-
ment. Equation (V-15) can be rearranged to the form,

A,= mece 4Te (V-16)('% + %g)

This shows the analytical basis for the effect of thermal capacity as
shown by the cases of Figure V-2, and indicates that a similar result
can-be expec.ted for• he~t. generating equipment. To consider this from
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another standpoint, equ&tion (V-16) can be rearranged to,

ATe = qo + q6
AIt" mece

This indicates that the slope of the curves, or time rate of temperature
rise, is directly proportional to the instantaneous heat load, and in-
versely proportional to the thermal capacity. All of the cases shown in
Figure V-2 have the same instantaneous heat load at their starting point,
46o0R, so that their initial rates of temperature rise are inversely pro-
portional to thermal capacity. Similarly, the temperature curves shown
intersect any horizontal line of constant temperature at a slope which
is inversely proportional to their respective thermal capacities and di-
rectly proportional to the external heat load corresponding to that
temperature.
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It should be noted from equation (V-16) that the temperature
rise delaying action of thermal capacity tends to offset the sum of both
external and generated heat loads. Thermal capacity is thus more effec-
tive in delaying temperature rise of heat generating equipment then insul-
ating effects, since the latter affect only the external heat load. The
strong temperature rise delaying effect of thermal capacity suggests that
in cases where space and weight requirements permit, thermal capacity
could be added deliberately to prevent equipmebt overheating. For ex-
ample, cans of water have a high ratio of thermal capacity to weight and
could be used for this purpose. As an illustration, it is interesting to
consider the compartment described earlier containing 200 pounds of equip-
ment. If 36 poiknds of water were added to this compartment, the thermal
capacity based on a unit of skin area would be increased to (200

(200x.18+36x1)/18 =

thereby reducing the time rate of temperature rise to one-half its for-
mer value. This assumes no essential change in the other configuration
features of the compartment or equipment.

The results shown in Figure V-2 can be applied to initial equip-
ment temperatures other than 460OR; provided the skin temperature remains
the same. To do this, it is only necessary to shift the time axis so that
its zero point ('r= 0) lies directly beneath the new initial temperature
on the curve representing the mece value considered. As an example, for
a compartment having R = 1, Mece = 4y S = 2.5, T_ = 1355°R, T = 600°R,
the time axis is shifted to the right so that the r = 0 pointelies at the
27 minute point as plotted in Figure V-2.

2. Insulation

The effects of skin insulation of the temperature rise of equip-
ment with time are shown in Figure V-3. The cases shown are for non-heat-
generating equipment, initially at 460°R, and a compartment skin temper-
ature of 13550R. The insulation thickness is defined in terms of the in-
sulation conductance, U = (ki/xi.) Thus, the case of Ui =oorepresents
no insulation, while U = 0.20 represents the greatest insulation thick-
ness shown. The value of ki, insulation thermal conductivity, varies
with temperature in a manner dependent on the type of insulation material
used (see Appendix II). All of the cases of Figure V-3 are for a temper-
ature variation of thermal conductivity representative of rock wool in-
sulation. It is emphasized that although insulation thermal conductivity
should be based on average insulation temperature, the insulation used
must be able to withstand the skin temperature without physical deterio-
ration. The skin temperature of the cases shown in Figure V-3 and else-
where is above the maximum value generally quoted for rock wool, which is
600°F or 1060"R. The rock wool designation was selected solely to rep-
resent a type variation of thermal conductivity with temperature, which
seems to be representative also of other insulating materials (Appendix II).
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The value of U, shown for each case is that which applies to the mean
temperature of insulation at the start of transient heating, when
Te = 4600 R. This same method of defining Ui is used wherever insulated
compartments are considered.

From Figure V-3 it is apparent that insulation has a strong ef-
fect in delaying equipment temperature rise for non-heat-generating equip-
ment. The rearrangement of equation (V-16), tak~ing q = 0, shows that
the time rate of equipment temperature rise in proportional to the ex-
ternal heat load. The effect of increased insulation thickness is to
reduce this heat load, explaining the results shown. The external heat
load is a function of other factors besides insulation, however, so that
its effects cannot be determined quantitatively except in terms of spe-
cific examples, such as given in Figure V-3.

The effect of using different insulating materials to achieve
the same initial insulation effect is shown in Figure V-4 for two values
of initial conductance, Ui. The curves shown for constant conductance
are given as standards of comparison only, since there are no actual in-
sulating materials whose thermal conductivity does not vary with temper-
ature. The curves shown for rock wool and Refrasil show more rapid heat-
ing of the equipment than for constant thermal conductivity insulation.
This is due to the increase of thermal conductivity with increase of
temperature.

Some representative cases with heat generating equipment in an
uninsulated compartment are shown in Figure V-5. Although the effect of
insulation is qualitatively the same as when used with non-heat-generat-
ing equipment as in Figure V-3, it is seen that for a change from
Ui - 1.0 to Ui = 0.2 the change in time to heat to a given temperature
is relatively smaller for the case with heat generation. This could be
expected from equation (V-16), since the insulation affects only exter-
nal heat load, and in Figure V-5 the equipment is subject to generated
heat load in addition to the external heat load. Rock wool type insu-
lation is used for the cases of Figure V-5, and equation (V-7) is used
to describe free convection for all of the cases in Figures V-3,-4, and
5.

It is convenient to consider an example to illustrate the value
and limitations of using insulation to limit rate of equipment tempera-
ture rise. Suppose it is desired to extend the temperature rise of non-
heat-generating equipment from 460°R to 9000 R to a time in excess of 80
minutes, where R = 41, = 2.5, Mece = 2.0, Tw = 1355°R. Figure V-3 shows
that this condition will be met by an insulating effect of Ui = 2.0. If
the equipment has a heat generation rate of q, = 150 watts/ft 2 , however,
Figure V-5 shows that U = 0.20 would be requ red, or ten-times the in-
sulation thickness of tie non-heat-generating case. For an insulation
having ki = 0.05 Btu/hr-ft-OR Ui = 2.0 would represent only 0.3 inch in-
sulation, while for Ui = 0.2, 3 inches of insulation are required. In
the case of a medium or small compartment 3 inch insulation might
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seriously limit space in the compartment. The example serves to point up

the smaller effectiveness, or higher cost in terms of space, that insu-

lation has with heat generating equipment. The insulation limitation de-

rives from the fact that it has no effect on generated heat load, so that

if insulation alone must delay temperature rise, extreme reduction of the

external heat load may be required. There are cases, of course, where no

amount of insulation could delay temperature rise enough, if the heat

generation rate is great enough. Such a case would require the use of
added thermal capacity or some cooling method.

The results shown in Figures V-3, -4, and -5 are not restricted
to an initial equipment temperature of 460 0 R. If the initial temperature
of equipment is any value above 460 0 R, it is only necessary to shift the
time axis horizontally so that the zero point ( I = 0) lies directly be-
low the new initial Te on the curve for the insulating effect of interest.
The curve from this point to the right will then represent the temperature
rise of equipment which starts. at the new initial temperature, and has the
same insulation thickness as would give U the assigned value when
Te = 4600R. Thus the plotted cases can be used for any initial equipment
t4emperature of 460*R or greater, and for a constant thickness of insula-
tion, although the insulating effect, Ui, is defined in terms of Te = 460-R.

3- Heat Generation

The effect of heat generation on the equipment temperature rise
is shown in Figure V-6. The cases shown are for a skin temperature of
13550R, initial equipment temperature of 460 0 R, and insulating effect of
Ti =,0.60 using rock wool. Equation (V-7) is used for free convection
coefficients. It is apparent that the time rate of temperature rise in-
creases with increased heat generation rate, as indicated by equation
(V-16). It is of interest to note that with increased heat generation rate,
the time temperature plots approach straight lines, indicating that the
constant heat generation rate is becoming the dominant factor in deter-
mining (ATe/Av). This serves to emphasize that temperature rise rate is
relatively independent of external heat load at high heat generation rates,
and indicates that the use of insulation alone cannot effectively limit
temperature rise in many cases.

The plots of Figure V-6 can be used to represent cases with an in-
itial equipment temperature above 460°R in the manner described under the
subject heading of insulation.

4. Ratio of Free Convection to Radiation Heat Transfer Area

The effect of the ratio of free convection to radiation heat
transfer area on the temperature rise of equipment with time is shown in

Figure V-7 for non-heat-generating equipment in an uninsulated compartment.
The case of R = 1 corresponds to parallel planes, or the case of equipment
and compartment both cylindrical in shape, and nearly the same size. The
case of R = 8 represents a compartment containing many small equipment
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items, so arranged that much of their surface area is accessible to free
convection, but not "seen" by the skin or skin insulation. The value of
R is a factor which must be estimated for most installations, and it apr
pears that the majority of practical cases would be in the range from
R a 1 to R a 4. Equation (V-7) is used for free convection relationships
in Figure V-7.

The plots of Figure V-7 show that temperature rise is more rapid
for equipment which has greater area accessible to free convection heat
transfer. This is particularly true for a compartment without insulation
and without heat generation, where free convection heat transfer plays an
important role in the determination of equipment temperature rise. Where
free convection is relatively unimportant, as in cases with large heat
generation rate, the importance of R is correspondingly less. In cases
where free convection is important, some insulating effect might be
achieved by grouping small components together so as to block some of
their surface areas from air circulation. Another method would be to
providd a large case to contain a number of smaller components wherever
the value of R can be reduced in this way. The usefulness of these meth-
ods, however, is dependent upon the functions of equipment components,
which may make comm6n grouping or encasing impractical. R is therefore
a factor of some importance in the compartment heat transfer scheme, but
is not a factor which is subject to appreciable manipulation to achieve
a desired performance result.

The plots of Figure V-7 can be used to represent cases with in-
itial equipment temperatures above 460*R by means of shifting the time
axis, as described earlier.

5. Compartment Air Pressure

The effect of compartment air pressure on the temperature rise
characteristics of non-heat-generating equipment in a compartment with-
out insulation is shown in Figure V-8. The initial equipment tempera-
ture is 46o0 R, and the skin temperature is 1355*R. The solid lines rep-
resent cases evaluated using equation (V-7) to describe free convection,
while the dashed line represents a case using equation (V-9) with L taken
as one foot.

It is apparent that the compartment air pressure has great in-
fluence on the rate of equipment temperature rise. This results from the
fact that free convection heat transfer rates are proportional to 32/3 or
S1/2, depending on whether equation (V-7) or equation (V-9) applies. A

change of compartment pressure in the low pressure range is seen to affect
the heating of equipment less markedly than in the higher pressure range,
since in the former case radiation heat transfer, which is not affected by
pressure, is a dominant factor. The choice of free convection coefficient
for the single case shown ( S = 1.0) is seen to have little effect. A
more extensive comparison of the two free convection relationships is
made in Figure V-9.
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Figure V-9 is for the same conditions as Figure V-8, except
that the compartment now has a skin insulation of U. = 0.60 Btu/hr-ftL 'R
using rock wool. The solid lines represent use of equation (V-7) for free
convection, while the dashed lines represent use of equation (V-9) with
L of one foot. The effect of compartment air pressure in the insulated
compartment is not so great as that for the uninsulated compartment in
Figure V-8. This results from the lesser importance of free convection
in the overall heat transfer scheme of the insulated compartment. The
comparison of results for the two free convection equations indicates
that it makes little difference which equation is used for the size of
equipment considered, where L is about one foot. Figure V-l0 indicates
that this conclusion also applies for a considerable range of insulating
effects.

The results given in Figures V-8 and V-9 show that the compart-
ment air pressure exerts a strong influence on the rate of equipment tem-
perature rise. Free convection heat transfer is the dominant part of the
external heat load, so that the effect of compartment pressure on free
convection might well be used to advantage in producing an insulating ef-
fect against external heat load. Therefore where equipment operation is
not jeopardized, the use of low compartment pressures is indicated. A
particular advantage of using low pressure to achieve insulating effect
is that it does not impose the space and weight penalties of insulation
materials. As with insulation, the method is effective only in reducing
external heat load, and has limited value for equipment of large heat
generation.

Figures V-8, -9, and -10 can represent cases with initial equip-
ment temperatures above 460°R by modifications of the time scale, as de-
scribed earlier.

6. Skin Temperature

Figure V-11 shows the effect of skin temperature on the rate of
equipment temperature rise. The initial equipment temperature is 460°R
in all the cases shown. Equation (V-7) is used to describe free con-
vection, and rock wool insulation is used. The values of skin tempera-
ture are total temperatures corresponding to flight Mach numbers as shown
for altitudes in the isothermal layer at atmospheric temperature of 3930 R.
In order to actually achieve this skin temperature, flight Mach numbers
would have to be greater than those given to account for the recovery
factor being less than unity and heat flux through the air film external
to the skin.

For a given equipment temperature, a higher skin temperature
gives greater temperature potential between skin and equipment. This
results in greater external heat load, and a correspondingly faster
equipment temperature rise for the higher skin temperature, as seen in
Figure V-11. Inspection of the curves shows that the slope, or rate of
equipment temperature rise with time, is about the same for equal values
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of temperature potential (Tw-Te), where different skin temperatures are

considered. For example, when the equipment of a compartment with a skin
temperature of 1100OR is at Te = 6750R, (A 'A) is nearly the same as
for 885"R,, and T = 460R 'R, since in each case the temperature potential
is the same, and the generated heat loads are the same. This relation-
ship is only approximate, however, since external heat load is not solely
dependent on temperature potential, but is also a function of factors
which vary with temperature level. Since the skin temperature affects
only external heat load, high skin temperatures can be offset by use of
insulation, low compartment pressures, and reflective shielding to re-
duce radiation heat load.

7- Surface Emissivity

Sturface emissivities are not studied as a variable in the results
presented, but their effect can easily be predicted in a qualitative sense.
The heat transferred by radiation is proportional to the emissivity func-
tion given en equations (V-2) and (V-4) as

1
+ +! -1

6i 6e

Therefore the emissivity function exerts the same influence on radiant
heat transfer that the compartment pressure function, S2/3 or 31/2,
exerts on convective heat transfer. Accordingly, the surface emissiv-
ities will be important when the equipment and compartment characteristics
are such as to make radiant heat transfer important in the overall com-
partment heat transfer scheme. This is likely to be the case where the
compartment air pressure is low, so that little heat is transferred by
free convection, and the sum of radiantion and free convection heat trans-
fer is significant in magnitude compared to generated heat.

SIMPLIFIED ANALYSIS AND DESIGN OF INSULATION FOR AN UNCOOLED EQUIPMENT

COMPARTMENT

1. Simplified Analysis

The variation of external heat load with equipment temperature
has been evaluated for all of the calculated results shown thus far.
If this quantity qo is plotted versus T for a constant skin temperature,
compartment pressure, and insulating effect, it is seen to be nearly a
linear function of Te. As an example, Figure V-12 shows the variation
of q0 with Te for a number of insulating effects, using rock wool, with

Tw = 13550 R, and 8 = 2.5. It is seen that qo can be represented as a

straight line function of Te quite accurately for all of the insulated
cases shown, and that it is a fairly good approximation in the case of
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U=oo. This fact permits determination of qo for a given configuration
by calculating qo at the two extremes of Te of interest, and interpolating
linearly between them. A calculation procedure based on this approxi-
mation is considerably simpler than the trial and error procedures de-
scribed earlier.

Since qo can be represented quite well as a linear function of

Te, it is convenient to put it in the form

qo = a-bQ% (V-17)

where a and b are positive constants, and @e = (Te'Teo), for Tao at the
beginning of a transient study. By substitution in equation (V-15). re-
arranging, and changing to the differential form gives

d? c mece

which is a first order, linear differential equation with constant co-
efficients. This is solved to give

Ge (a+qP) [1-e- ce](V-18)

The only trial and error calculations required to use equation
(V-18) are those required for the determination of qo for the initial
and final values fo T of interest. This determines the constants a
and b of equation (V-17), and permits application of equation (V-18) to
determine ge, and hence Te, at any time, 1.

Equation (V-18) can be solved for f to give,

= mce) log (a~~g
)abe+qg)

From this it is apparent that the time required to heat equipment to
any value 9f Ge is directly proportional to the thermal capacity of
the equipment as found earlier with equation (V-16).

2. Design of Insulation for an Uncooled Equipment Compartment

A method for selecting the proper insulation effect to use
with an uncooled aircraft compartment is here described. The general
problem of determining the suitability of an uncooled compartment as
compared to a compartment with fuel jacketing or cooling effects is
discussed in Section XI. It is assumed here that this problem has been
dealt with and that the use of an uncooled compartment has been decided
upon. It is also assumed that all of the factors which affect equipment
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temperature rise other than the insulation effect have been established,

and are not subject to much alteration. As examples, it is assumed that

the compartment air pressure and equipment surface emissivities are known.

It is convenient to describe this design procedure in terms of

a specific example. Suppose it is desired to select insulation for a

compartment so that the equipment temperature will not exceed 900°R in

82 minutes flight time under the following conditions:

Initial equipment temperature = 460°R

Skin temperature = 1355 0 R

Compartment air pressure = 2.5 atmospheres

Skin area associated with 2
compartment = 18 ft

Total weight of equipment in
compartment = 200 lbs

Average specific heat of
equipment = 0.18 Btu/lb-°R

Total heat generetion rate
of equipment = 6150 Btu/hr = 1800 watts

Ratio of equipment free
convection area to skin area
of compartment = 4

From the above, the heat generation and thermal capacity of equipment on
a unit area basis are calculated.

qg = 4" = 6150 = 341.3 Btu/hr-ft 2

Aw 18

mece = MeCe = 200x.18 = 2 Btu/'R-ft 2

An approximation is used to determine a representative heat load
to the equipment. It is assumed that the variation of Te with iris ap-

proximately linear. Since the variation of qo with Te is almost linear,
it is easily shown that the average value of qo occurs at--the average

value of Tel and that both occur at the middle of the design time span.

This time is,

82 min = 0.684 hr

6o x 2
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The average equipment temperature is,

T 900 + 46o = 68 0 OR
Ten 2

Since it is assumed that Te varies with I(approximately as a straight line,
equation (V-15) is used to determine the average heat load to the equip-
ment from the skin,

qom = meCe (Ie)q

qom = 2 x 900-460 -341.3 = 302.7 Btu/hr-ft 2

82

A trial and error procedure is required to det rmine the insulation ef-
fect Ui required to give qom = 302.7 Btu/hr-ft when Tern = 68 0 OR and

Tw = 1355°R. The procedure is carried out below, with values shown only
for the final, successful trial. In this procedure, surface emissivities
have been taken as 61 = 0.10 and Ce = 0.20, and equation (V-9) has been
used with L = 1 ft. to describe free convection heat transfer.

1. Assume Ti = 906°R (Ti is between Tw and Tern)

2. Calculate U, =(Twqi)= 302.7 = 0.675 Btu/hr-ft 2 -°R
Tw-Ti 1355-966

3. Assume Ta = 734°R (Ta is between Ti and Ter)

4. Calculate hr 1.24 x 10-4 B

where B = 0

from Figure AIV-l B = 2030, hr = 0.252 Btu/hr-ft 2 -OR

5 Get at +Ta

from Figure AIV-3

(a" L1/4 0.2505
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6. Get (a 1L/4)~ at Ta + Te,

*81/2- /e 2

from Figure AIV-3 1I/44
(LL 0.262

= 0250 x1.580 x 3.62 = 1.432 Bt/rf2-. = 0.2505 x 4 Btu/i(at L/
ce = 1/2 1e -'/•) (Ta Te

0.2615 x 1.580 x 2.71 = 1.12 Btu/hr-ft 2 -R

9- hc = = 1 = 1.085 Btu/hr-ft2- 'R
1+ 1_. . + 1

"hci Rhce 1.432 4 x 1.12

10. (Ti Te) = qom 302.7 = 226.5-R
S e h + h 1.337

c r

11. Ti = (Ti - Te) + Te = 226.5 + 680 = 906.50R

(Ta"( Te) h (T- Te) = 1.085 (226) 54.6.*Ra Rhce (7"' .4 :••-8

13. Ta = (T a -Te) + Te =54.6 + 680 = 734.60R

Since the calculated results in steps 11 and 13 are in substantial
agreement with the assumed values, the value of Ui = 0.675 Btu/hr - ft 2-UR
is correct.

The average insulation temperature is (Tw + Ti/2), or 1130.5 0 R.
From Appendix II the thermal conductivity of rock wool insulation at
this temperature is ki = 0.058 Btu/hr-ft-AR, so the insulation thich-
ness is, xi ki = 0.058 = 0.086 ft.

ui o .T-/75
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A set of charts is provided in the Appendix to this Section
which permits making the above trial and error calculation to find Ui
graphically. Figure V-13 is for conduction through insulation. For
an assumed value of Ui, the chart is used by traveling parallel to the
dashed-arrow lines to determine T.. The next, Figure V-14, is for free
convection in air, and is used wi~h this value of T i, and the pertinent
values of Te and 8, to find qc. This convection chart is based on
equation (V-7) to describe convection coefficients (unlike the example
just worked) and on a standard value of R = 4. Since the difference
between equations (V-7) and (V-9) is not great, the chart can be used
for a good approximation even where equation (V-9) should be used. The
next chart, Figure V-15, is for radiation heat transfer, and is in two
parts to cover the low and high emisaivity ranges. The chart is used
with the previously determined value of Ti and the pertinent values of
Te and 6' , to obtain qr. The quantity 6' is

I
1 1 -1

as evaluated for the insulation and equipment surface emissivities.
The resulas qr and qc from the last charts are then added, and if the
sum agrees with qo the value of Ui used in the trial is correct.
Otherwise a new value of U i must be assumed, and another trial made.
If the sum (qc + qr) is greater than q0 the value of Ui should be de-
creased for the next trial, and conversely.

With the value of insulation thickness found, it is necessary to
make a transient evaluation of equipment temperature rise with time.
This will be done by the method of using a linear variation of q with
Te, as in equation (V-17), and then applying equation (V-18). Aotrial
and error calculation is required to determine the values of the con-
stants a and b of equation (V-17). A sample of this calculation is
carried out below, showing only the final trial calculation. This cal-
culation must be made for two values of Te, which in this case are taken
at the beginning and end of the transient evaluation. The calculation
shown is for Te = 460OR

1. Assume Ti = 740°R and Ta = 526°R

2. Calculate hr = 1.24 x 10-4 B

where B = OVi:• - 2-°

100 100

from Figure AIV-I B = 920

WADC-TR 53-114 239



ihr = o.114 Btu/hr-ft 2 -°R

3. Get

all at Ti + Tp

17l2-), 2

-rom riure AIV-3

a" L/4( 1= 0.270
•1/2 /i

4. Get at L14 T
(~f1 4jiat Ta+T

12 2

from Figure AIV-3

(all L11'4 : 0.289

= 0.270 x 1.580 x 3.82 = 1.63 Btu/hr-ft2-oR

6. h (al" L1/4 e /2) (Ta- 1/4
ce~ 1\S/2 )e VLIb

= 0.289 x 1.58 x 2.85 = 1.30 Btu/hr-ft2-oR

7. = 1 = 1.24 Btu/hr-ft 2 _,R
1 + I +

h. EhT W 5.2ci ce

8. Ui ki for ki at-Tw + Ti = 1048.R

xi 2

from Appendix II, ki = 0.053 Btu/hr-ft-°R

9. then Ui =- = 0.616 Btu/hr-ft 2 -°R

SWADC-TR 53-114 239
w - -4NRmN-- Y iAiL



10. l+h
(Tw Ti) = c +r (Tw Te)

Ui + 'c +

(Tw - Ti) = -5 615

-2. (Ta -T) )c = TO-
Rhce

1.24 (280) = 66.8
5.2

13. Ta = (Ta - Te) + Te = 66.8 + 460 = 526.8°R

Since the calculated results of steps 11 and 13 agree with assumed values,
qo can be determined for the condition Te = 460°R

14. qo = Ui (Tw - Ti) = 0.616 x 615 = 379 Btu/hr-ft 2

This same calculatioý when made for the condition Te = 9000 R, gives
qo = 216.3 Btu/hr-ft. Defining Ge = Te - 460, equation (V-17) for the
two cases becomes,

379 = a - b xO

216 = 2 - b x 440

Solving givea a = 379j. b = 0.370

Figures V-13,-14, and -15 of the Appediz to this Section can
also be tsed to solve this type of trial and error calculation. For
the assigned conditions it is necessary to assume T , then evaluate
Ui at the average insulation temperature, (T. + Ti)72, using the for-
,mula Ui = (ki/xi) for the insulation material and thickness. Figure
V-13 is then used by entering with Ti and traveling parallel to the
dashed arrow lines down to the assigned Tw, across to the Ui determined
above, and down to qo. The free convection and radiation charts are
then used as described previously, entering with the assumed value of
T., and obtaining qc and qr. When the sum (qc + qr) is equal to qo,
tke value of qo is correct. Otherwise a new value of Ti must be assumed,
and another trial made. If the sum (g% + qr) is greater than qo the
assumed value of Ti should be reduced for the next trial, and conversely.
The free convection chart should be used only if R is about 4 as it is
based on this value.
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All of the information required for application of equation

(V-18) has now been determined. Equation (V-18) is therefore used to

determine Te at the time = 1.368 hr (82 "nin),

e 379+ 341 (0.370 x 1.368,]

e = 436

Then Tef = 9 e + 46o = 896°R

This result is quite close to the design value of 900°R, so that no fur-

ther trials are required. If this had not been the case, it would be

necessary to revise the value of: xi by estimation and repeat the cal-
culations beginning with the determination of qo at Te = 460°OR and
Te = 900*R. The value of xi should be increased if Te is much above
900°R, and decreased if Tef is much below 900°R.

The selebtion of rock wool insulation in the example is purely
arbitrary. The physical properties of the insulation seclected determine
the thickness required and the constants of equation (V-16) however, so
that for other insulating materials recalculation of part of the design
example would be required. The insulation thickness found, i.e. 0.086 feet
or 1.03 inches, is a reasonable value for a compartment of large size,
particularly since it might be difficult to utilize space very close to the
walls of a compartment for installation of equipment. This would be the
case where the space near walls is partially occupied by structural members,
or where the equipment shape is not similar to the wall contour. If this
is not the case, the designer should consider the use of additional thermal
capacity with the equipment.

3. Use of Thermal Capacity as Compared to Insulation

It is interesting to-make a brief comparison of the performance
resulting from additional thermal capacity compared with insulation on
the basis of weight and volume. For the compartment considered, 1.03 inches
of insulation on the 18 square feet of skin area would occupy a volume of
1.545 cubic feet. •or an insulation such as rock wool, having a bulk
density of 12 lb/ftJ, this would give a weight of at least 18.55 pounds.
If all the skin insulation is removed the constants a and b of equations
(V-17) and (V-18) are found by calculation to be, a = 1750, b = 1.98.
If the insulation is replaced by an equivalent volume of water added to
the equipment, the water added would weigh 96.4 pounds, and would incr ase
the thermal capacity of equipment per unit skin area by 5.35 Btu/OR-ftf.

Applying equation (V-18) for the total niece value of 7.35 Btu/OR-ft 2 gives
the equipment temperature at 82 minutes as 784 0 R, which is a considerable
improvement overthe performance offered by insulation alone. If the in-
sulation is replaced by an equivalent weight of water added to the equip-
ment, the water would weigh 18.55 pounds, and would increase the thermal
capacity of equipment per unit skin area by 1.03 Btu/OR-ft 2 . Applying
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equation (V-18) for the total mece value Of 3.03 Btu/'R-ft 2 gives the
equipment temperature at 82 minutes as 1083*R, which Is inferior to the
performance offered by insulation alone. For this design example then,
superior performance could be obtained with increased thermal capacity,
but at an expense in terms of weight. In other cases, having a higher
ratio of generated heat load to external heat load, the thermal capacity
effect would have increasing merit as compared to the insulation effect,
since insulation is ineffective in reducing generated heat load. The use
of thermal capacity with the equipment entails some difficulties, since
for best effect it should be appropriately distributed among the equipment
bodies. Furthermore, as indicated earlier, its true merit is dependent on
the relative usefulness of space well inside the compartment to space near
the walls. This relative usefulness is difficult to evaluate quantitatively.

APPENDIX TO SECTION V

1. Calculation Procedures for Temperature Rise of Equipment in
an Uncooled Compartment

Calculation procedures are given here for the stepwise evaluation
of equipment temperature rise in an uncooled aircraft compartment. The
first procedure is for a compartment with skin insulation, and the second
is for a compartment without skin insulation. In the first case a sample
interval calculation is carried along with the procedure.

Procedure A: Ccmpartment with Skin Insulation

Given Data:

Tv = 1355"R

- 2.5 atmospheres

Ui 0.40 Btu/hr-ft 2 oR rock wool insulation

mece = 2.0 Btu/ft 2 -*R

R =4

ei o 0.1, Ge - 0.2

Tel 701oR

Tal = 743"R

Til - 867"R

% - 0 Btu/ft 2 _hr
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1. Select time interval AT' = 15 min

2. Assume Te2, Ta2, T12  Te2 727"R

Ta2 7689R
Ti2 8899R

3. Calculate Tem., Tam, Tim

Tem = 727 + 701 714"R2 =

Tam = 768 + 743=75R
2 = 756R

Tim 889 + 867 = 878OR

4. Calculate br 17.4 x 10-4 ( 1 B
e + /

Where B = (Ti"l 4 -Tem 4

)(Tern- (

from Figure AIV-l

hr = 17.4xl0-4 x .0714xB = 1.24xi0o- x 2020 = 0.253

5. Get (a'/S 2/3) at Tim + Tam
2

from Figure AIV-2

Tim + Tm = 878 + 756 =817_R
2 2

(a'/ 82/3) = 0.1585
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6. Get (a',/S 2/3) at T frome 2

Figure AIV-2

Tq + T, = 756 + 714 = 7350 R
2 2

(a'/8 2/3)e = 0.1697

7. hci = (as/,S2/3), ( 2/3) (TimTm)"/3

hci = 0.1585 x 1.84x(122)1/3 = 1i.5 Btu/hr-ft 2 -AR

8. h = () 2/3) (T.TeM)"/

hce - 0.1697 x 1.84 x ( 42)1/3 . 1.085 Btu/hr-ft 2 -'R

9. h 1 1 = - -- 1 1 1 - 1.087 Btu/hr-ft 2 -°R
hci Rhe 1- 74xi.085

10. hc + hr - 1.087 + 0.253 = 1.34 Btu/hr-ft 2 -_R

11. qo + cg -[(hc + hr)(Tim - Tem) + ,g] A '

- [1.34 (164) + 0] .25 = 55 Btu/ft 2

12 ATe - I+9qz= 55 -27.5
meCe 2

13. Te2 = Tel + ATe = 701 + 27.5 = 728.5 0 R

14. Get Ui at Tim from

Figure AIV-4 for rock wool

Ui = o.459 Btu/hr-ft 2 -_R
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15. Tw Ti2= hr e2)

= 1-34 (626.5) = 467
1.799

16. T12 = Tw- (Tw, - Ti 2 ) = 1355-467 = 888"R

17. (T - Te2 ) = h (T12 - Te2) = 1.087 (15 9 5)
Rhce 737059

18. Ta = (Ta2 -Te2) + Te 2 = 728.5 + 4o = 768.5*R

The calculated results of steps 13, 16, and 18 agree well with the
assumed values, indicating that the calculation is correct for the inter-
val shown. In using this calculation procedure, the values of Til, T8L,
and Tel are taken as the values of Ti2, T%2 and Te2 of the previous
interval. To start a crlculaton from the initial assigned values of TS
and Tel, it is necessary only to determine the initial vaj.ues of Til and
"eJ." This can be done by using the same calculation procedure -writhout
selecting a time interval, and omitting steps 11 12. and L3.

Procedure B: Compartment Without Skin Insulation

Given Data:

Tw =R

S• , atmosphere

mece _ Btu/ft2-oR

R

Tel __ R

Tal _R

q _ Btu/ft 2 -hr
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1. Select time interval m rin

2. Assume Te2 and Ta2 Te2 - "R

- "R

3. Calculate Tern and Tam Tern = R

Tam - 'R

4. Calculate hr = 17.4 x lO-4 (1 B B+ 1B

where B (-T=0

(T) Tern

from Figure AIV-1

hr - Btu/ft 2 -hr- R

5. Ce (a,/S 2/3)w at Tm +am
2

from Figure AIV-2

(a,/S 2/3).

6. Get (al/S 2/3)e rt m

2

from Figure AIV-7

(at/S 2/3)e =

7. hW, (a /S -/3)', (S 2/3) (T, _ Tm)-/3 = Btu/hr-ft 2 -'R

8. hce i(a/IS 2/3)e (S 2/3) (Tam Ten)l/3 .__ Btu/hr-ft2 -R

9 h hc = 1 1 
_

i+i hc = Btu/hr-ft-°R
Rhce
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10. hc + hr = Btu/hr-ft 2 -oR

. qo *qg = he - em) + qF

(qo + qg) = Btu/ft 2

12. ATe= go + qg ATe = - R
meCe

13. Te2 =Tel + ATe Te2 = OR

l14 (T2 -Te2)= hc (TV- Te2)
Rhce

(Ta - Te2) =R

15. Ta2 (Ta2 Te 2 ) + Te2 Ta2 OR

When the calculated results of steps 13 and 15 agree with the assumed
values, the interval calculatbn is complete, and values of Te2 and Ta2
are used as Tel and Tal for the next interval.

2. Graphical Solutions for Conduction, Free Convection, and
Radiation

The equations describing heat oonduction through insulation,
free convection, and radiation can be solved in graphical form. This is
particularly desirable when a large number of calculations are to be
made, and where extreme accuracy is not required. Figure V-13 is a
graphical solution to equation (V-l). It is constructed by first plot-
ting the function (Tw-Ti), using an abscissa scale for Ti, an ordinate
scale for the function, and lines of constant Tw. Using the same ordin-
ate scale for the function (Tw-Ti) an abscissa scale is laid off in values
of qo, and lines of constant Ui are plotted to fit the (Tw-Ti) and qo
_ocales. The chart can be vsed to find either qo or Ui when the other
three variables are known. Figure V-14 is a graphical solution to equa-
tion (V-12) and is constructed in a manner similar to Figure V-13. The
ordinate scale of Figure V-14 (not shown) is laid off in units of the

1 (Ti - Te)

(8)2/31 + 1
hci Rhce

which is a function independent of pressure. Figure V-14 is constructed
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using a value of R = 4,, and can be used with precision only for this
value. For values near ki = 4, it can be used as an approximation. Figure
V-15 is a graphical solution of equation (V-3) with the ordinate scale
(not shown) laid off to values of the function.

(1 7 .4 x 1 0 -1) 
100 )

The function C' is defined as

S 11

6i 6 e

Figure V-15 is in two parts. Part a is for low values of emissivity func-
tion, while part b is for higher values of the emissivity function.

Two applications for the series of charts Figures V-13,-l1, and -15
are given in the example of design of insulation for an uncooled compart-
ment. In addition, they may be used to do an interval calculation of the
type given in this Appendix. To calculate an interval, the value of Te2
is first assumed, and the value of Tem calculated. Then the value of Tim
is assumed, and the value of Ui = ki/xi is evaluated for the mean insula
tion temperature, either from a prepared chart of Ui versus Tim or by
calculation for ki at (T. + Tim)/2. The conduction chart is then used,
entering with Tim and moving parallel but opposite to the dashed-arrow
lines, to get qo. The free convection chart is used next, entering with
Tim and obtaining qc corresponding to Tem and . The radiation chart is
next used, entering with Tim and obtaining qr for Tem and the appropriate

1_'= -1 + 1-1 - 1 "

6i 6e

When the sum (q, + qr) equals the value of qo, the value of Tim assumed is
correct. The quantity qo is then used in the equation,

ATe = + ____A

mece

This value of ATe is then used to determine the value

Te2 - Tel + ATe

0
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If Te agrees with the assumed value, the interval calculation is com-
pletea, and is repeated for the next interval. All heat transfer rates,
heat generation rates, and thermal capacities are on a unit skin area
basis, as before. The charts are basdd on a value of R = 4, so should
not be used in cases where the ratio of free convection to radiation area
of equipment differs appreciably from that value.

These charts were actually designed for use in the calculations indi-
cated in the design example, and hence are somewhat awkward for use in
the calculation above. For most purposes it is more convenient to make
a transient analysis of equipment temperature rise with equations (V-17)
and (V-18), using the charts as indicated in the design example to estab-
lish the constants of equation (V-17).

3. Reference

(V-l) Brown, A. I. and Marco, S. M. Introduction to Heat
Transfer. Second Edition, McGraw-Hill Book Company,
Inc., New York, 1951.
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SECTION VI

TMERATURE RISE OF EQUIPME17 ILN A FULL-JACn-TED
COMPAR5EBNT IN SUPERSONIC FLIGHT

Dy T. C. Taylor and Y. H. Sun

Compartment fuel jacketing is one method of preventing excessive
temperature rise of equipment during supersonic flight. Flat ducts or
tubes of fuel can be arranged along the inside of the skin insulation so
as to absorb the external heat load entering through the skin. The ex-
ternal load insofar as interior equipment is concerned is then reduced to
the heat transfer between the fuel ducts and the equipment by means of
free convection and radiation. This heat transfer is a cooling effect
if the fuel temperature is lower than the equipment temperature. This
method of protecting equipment from excessive temperature rise is inter-
mediate to the cases of an uncooled compartment and a compartment with
internal cooling. The protection of equipment against external heat load
in the fuel-jacketed compartment is almost perfect, and thus superior to
the performance of insulation of any reasonable thickness. The jacketed
compartment does not deal very effectively with generated heat, however,
and in this respect is inferior to-cooled compartments. Two salient
advantages of fuel-jacketing are that it uses a coolant which is already
present in any liquid-fuel burning aircraft, and that it uses it in a way
which does not occupy valuable installation space near the center of the
compartment. Tending to offset these are the constructional complications
involved and the possible reduced accessibility of the compartment.

In this section, an analysis is developed to evaluate the temperature
rise of equipment in a fuel-jacketed compartment. It is emphasized, how-
ever, that even where thermal performance would be satisfactory, construc-
tional limitations may preclude the use of this method.

SUMMARY

The temperature rise of equipment in a fuel-jacketed compartment is
considered. It is assumed that the compartment is fitted with flat fuel
ducts at the inner face of the skin insulation. The fuel thus receives
heat coming through the insulation from the skin, and exchanges heat with
the equipment by free convection and radiation. Equations are developed
to describe all of the heat transfer and heat storage mechanisms. A trial
and error calculation procedure is developed from the equations, using a
stepwise application of the equations to evaluate the temperature rise
with time of equipment.

A design and a rapid evaluation procedure are given. The design pro-
cedure determines the thickness of skin insulation required to meet a
maximum fuel temperature specification for the selected fuel duct
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dimensions and fuel flow rate. A preliminary evaluation procedure is
given which indicates whether in certain cases a fuel-jacketed compart-
ment can give satisfactory equipment temperature performance. In other
cases a. more detailed evaluation procedure is required. The more
detailed procedure involves trial and error calculations, but is based
on simplifications of the general calculation procedure.

Equipment temperature rise characteristics are calculated for a
variety of compartment and equipment characteristics. The salient con-
clusions based on the results of these calculations are summarized as
follows:

1. The equipment temperature in a fuel-jacketed compartment must
always be between the fuel temperature and that temperature which the
equipment would attain if it exchanged no heat with its surroundings.
The latter temperature is easily computed from the equipment thermal
capacity and heat generation rate. Where the fuel temperature is above
the equipment temperature some heat is transferred from the fuel to the
equipment, but it is usually small compared to that which would be trans-
ferred without the fuel jacket, since fuel temperatures are less than
skin temperatures for supersonic flight. When the fuel temperature is
below the equipment temperature, the equipment is entirely protected
from the external heating, and is cooled somewhat by transfer of heat
to the fuel jacket.

2. As in the case of an uncooled compartment, equipment with greater
heat generation has more rapid temperature rise. Therefore, when fuel
temperatures are below equipment temperature, the equipment with higher
heat generation furnishes greater temperature potential to transfer heat
to the fuel, giving greater heat transfer rates.

3. In the range of fuel flow rates from 500 to 1000 lb/hr-ft 2,
based on skin surface area, the fuel flow rates do not greatly affect
the equipment temperature rise. For the two fuel rates studied, the
lower one gives a slightly greater rate of equipment temperature rise
with time. The small effect of fuel flow rate is due to two factors.
First, the thermal capacity of the fuel is great compared to the heat
it receives, resulting in a small temperature rise. Second, the resis-
tance to heat flow on the fuel-side of the inner heat transfer surface
is very small compared to the resistances to heat flow by free convec-
tion and radiation on the compartment-side of the inner heat transfer
surface.

4. The ratio of free convection to radiation heat transfer area of

the equipment has little effect on the rate of equipment temperature rise
in a fuel-jacketed compartment. Modifications in the arrangement and
extent of equipment surfaces therefore cannot be used as a means of re-
ducing equipment temperature rise. Efforts to reduce temperature rise
should concentrate on changes of surface emissivity of bodies exchanging
heat by radiation, and on compartment air pressure, which has a dominant
effect on heat transfer by free convection.
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5. Insulation must be used between the skin and the fuel ducts for

two reasons. First, the insulation prevents exposing the fuel to the high

temperature of the skin. Second, the insulation reduces heat flow into
the fuel from the skin, and thus reduces the temperature rise of the

fuel. For a skin temperature of 1355°R and for available fuel flow rates

of 500 to 1000 lb/hr-ft 2 , the insulation thickness required to limit the

fuel temperature rise to less than 80R in about 0.3 in. for insulations
like rock wool.

ANALYSIS

1. Assumptions for Analysis

The typical configuration of a fuel-jacketed compartment is
shown schematically in Figure VI-l. The compartment shown is cylindri-
cal in form, although the analysis is applicable to any shape.

SKIN

INSULATION

LFUEL DUCT
FUEL, FUEL

IN OUT

ýBULKHEAD

EQUIPMENT

Figure VI-1. Schematic of Fuel-Jacketed Compartment

Heat flows inward from the high-temperature skin to the fuel cool-
ant in the ducts. Insulation is provided between the skin and the ducts
to prevent contact between hot skin and the fuel. The variation of in-
sulation thermal conductivity with temperature is accounted for, but

0
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insulation thermal capacity is neglected. The film heat transfer co-
efficient .for fuel in the duct is included, assuming laminar flow con-
ditions. This condition is most likely, since fuel ducts would be large
in proportion to fuel flow rates so as not to produce objectionable pres-
sure drop. The skin of the aircraft is assigned a constant temperature,
a simplification which i~s explained in Section IV.

In addition to receiving heat from the skin, the fuel in the duct
also exchanges heat with the equipment. Heat is transferred between the
equipment and the inner surface of the fuel duct by free convection and
radiation only, and between the duct surface and the fuel by forced con-
vection through the fuel film.

The evaluation of free convection and radiation heat transfer is
treated in the same manner as in Section V. An average equipment sur-
face temperature is used, and the average inner fuel duct surface tem-
perature is used for writing the heat transfer equations between these
two surfaces. Average free convection coefficients are used, and the
emissivities assigned to surfaces involved in radiant heat transfer are
assumed to be constant with varying temperature.

2. Nomenclature

Symbol Definition Units

A Area ft 2

a Group of properties for free
convection, used in equation
(vi-6).

B Temperature function fox radia- oR3
tion, used in equation (IV-5)

b Group of properties for forced
convection over flat plates,
defined for equation (VI-2)

c Specific heat Btu/lb-OR

cp Specific heat at constant Btu/ib-OR

pressure

h Heat transfer coefficient Btu/hr-ft 2 - °R

k Thermal conductivity Btu/hr-ft-*R

L Length of fuel duct ft

m Weight per unit skin area lb/ft 2
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Symbol Lefinition Units

r.cAut, mnodulus d-i r n"iorless

o Volume flou roate t3/hr

q Heat transfer rate Btu/hr-ft 2

R Ratio of free convection dimensionless
to radiation area of equip-
ment

Re Reynolds modulus dimensionless

T Absolute temperature OR

U Thermal conductance Btu/hr-ft 2 -_R

V Velocity ft/hr

W Weight flow rate per unit lb/ft 2 -hrskin area

x Length ft

C Proportionality symbol

Weight density lb/ft3

SPressure dimensionless

6 Emissivity dimensionless

e Temperature potential OR

SViscosity lb/ft-hr

STime hr

STime min.

Sub scripts

a Denotes air

c Refers to convection

d Denotes duct wall spacing

e Denotes equipment
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Sub-scripts Definition

0f Denotes fuel

fe Denotes fuel at entrance to duct

fL Denotes fuel at exit of duct

i Denotes insulation

if Denotes heat transfer from insulation to fuel

it Denotes insulation of fuel tank

m Denotes average value

o Denotes external value

p Denotes previous interval

r Refers to radiation

s Denotes inner duct surface

sf Denotes surface to fuel

V Denotes skin

1,2 Denotes initial and final values of an
interval

3. Derivation of Equations

a. Heat Conduction through Insulation

An equation for heat transfer rate through the insulation,
based on a unit skin area, is,

% = Ui(T-w,-T) (VI-I)

where Ui = ki/xi. The method of accounting for variation of thermal
conductivity with temperature in a stepwise calculation is given in
Appendix II.

b. Forced Convection Heat Transfer in the Fluid Ducts

Since a construction using flat ducts for fuel is assumed,
a flat plate heat transfer coefficient is used. Reference (VI-1) gives
an expression for the heat transfer coefficient where fluid flows in

0
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laminar flow parallel to a flat plate as,

hf = 0.66 cVf.
(Re) (Pr)2/

which is suitable for Re = 300,000 and below. This is put in the form,

hf = o.66 b vf05 (vI-2)

where b(x) 0 . 5 = ( 5(Cp 7

Values of b(x) 0 "5 are plotted as a function of temperature in Figure
VI-9 contained in the Appendix to this Section, for use in calculations
involving equation (VI-2). Values of b(x) 0 ' 5 as taken from the plot are
divided by (x)0. 5 , to obtain b of equation (VI-2). The length x repre-
sents the characteristic dimension of the flat duct, which is taken as
its length. The use of the flat plate equation and the duct length to
define characteristic length for a flat duct is rigorous only if the
spacing between duct walk is somewhat greater than twice the thickness
of a fluid boundary layer. For very narrow ducts it is used as an
approximate method of defining the heat transfer coefficient.

The value of b for use in equation (VI-2) should be determined at
the average temperature of the fluid film. In the case of the fluid
film at the duct wall facing the insulation, this average temperature
is (Ti+Tt)/2, as based on instantaneous temperatures at the insulation
face and of the fuel. For the fluid film at the interior duct wall, the
average temperature is (Tf+Ts)/2, as based on instantaneous values.
Heat transfer rates through the fluid films, per unit skin area, are
described by the equations,

qo = qif = hif(Ti-Tf) (VI-3)

for the insulation-side duct surface, and,

qsf = hsf(Ts-Tf) (VI-4)

for the inner duct surface.

c. Radiation Heat Transfer

In keeping with the practice of Section V, the radiation
heat transfer rate based on a unit skin area is given by,

qr = hr(Te-Ts) (VI-5)

WADC-TB 53-11)4 26o

COhDTA



CONFIDENTIAL
where

O_ý 4 (T

hr 1-4+-4 100 100

The function of temperatures is given as B in Figure A-IV-1.

The emissivity values, Cs and Eel are chosen to represent the sur-
faces exchanging heat by radiation. For this analysis, values of
Cs = 0.1 and Ce = 0.2 are used in describing hr. The values of emis-
sivity for a large variety of surface conditions and materials are given
in Reference (VI-2). The form of the emissivity factor given in hr
above is for the case of radiation heat exchange between a body and its
enclosure when the body is large compared to the enclosure. This is
likely to be the case in an aircraft compartment filled with equipment.

d. Free Convection Heat Transfer

An expression for the free convection heat transfer co-
efficient in the compartment air is developed in Section V as,

hc = )2/3 1/3 (vI-6)

where (aW/82/3) is a group of physical properties for air, given as a
function of air temperature in Figure A-IV-2. The average film tempera-
ture is used to evaluate (a'/62/3). Thus, the temperature potential e
for the coefficient at the equipment surface is (Te-Ta) and the average
film temperature is (Te+Ta)/2. The temperature potential 9 for the co-
efficient at the duct surface is (Ta-Ts), and the average fihmtempera-
ture is (Ta+Ts)/2.

Using equation (VI-6) with the appropriate temperature potential,
the free convection heat transfer rate, based on a unit skin area is

qc = Rhce(Te-Ta) (VI-7)

for the equipment surfaces,
and,

qc = hcs(Ta-Ts) (VI-8)

for the duct surface.

The factor R is the ratio of effective free convection to radiation
surface area of the equipment.
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e. Heat Balance for Equipment

The overall equation for free convection heat transfer
between the equipment and the duct surface is found by combining equa-
tions (VI-7) and (vi-8) to give,

1
qc r + :--_

hes Rhce

where an overall free convection heat transfer coefficient is defined to
give

% = hc(TeTs) (vI-9)

Equations (VI-5) and (VI-9) are then combined to give the total heat
transfer rate between the equipment and duct surfaces,

q+r = (hc+hr)(Te-Ts) (VI-1O)

A heat balance equation is next written for the equipment, describ-
ing the change of equipment temperature with time. For heat generating
equipment, this heat balance is,

AT (c+ (•- (VI-11)
qg = mece P1 + (hc+hr ) (TeTs)-

In this equation, the generated heat, qg, and the equipment thermal
capacity, meCe, must be expressed on a unit skin area basis, as explained
in the Analysis portion of Section V.

f. Heat Balance for the Fuel

The overall heat transfer between the skin and the fuel is
found by combining equations (VI-I) and (VI-3) to give

qif = qo 1 (V12)

Ui hif

The heat transfer between the inner duct surface (facing the equip-
ment) and the fuel is given by equation (VI-4). Using equations (VI-12)
and (VI-4), a heat balance equation is written for the fuel,

qo + qsf = WfcfATf (VI-13)

where Wf is the weight flow rate of fuel per unit time, based on a unit
skin area for the compartment.
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The fuel temperature, Tf, appearing in equations (VI-3, -4; -12 and

-13) is in general variable with time because of fuel heating at its
source, or in the storage tank. The temperature rise of the fuel in
storage tanks during supersonic flight is treated in Appendix III. Some
of the results given there are used in the calculation procedures for
evaluating equipment temperature rise in a fuel-jacketed compartment.

3. Procedure for Calculation of Equipment Temperature Rise

with. Time

a. General Method

The derived heat balance equations (VI-11) and (VI-13) must
be satisfied simultaneously to determine the equipment temperature Te
for any assigned time-l. A direct solution is not feasible because of
the functions required to describe forced convection, free convection,
and radiation coefficients, the independent variation of fuel temperature
with time, and the complex interdependence of temperatures. It is there-
fore necessary to use a stepwise calculation procedure. Two methods of
stepwise calculation are applicable to this problem. The first uses the
heat transfer rate and heat balance equations in their stated form, eval-
uating all heat transfer coefficients at the initial values of tempera-
ture for the interval, and solving equation (VI-11) for Te, the equip-
ment temperature at the end of the interval. This method is not accurate
for large time intervals At. The second method is to use average values
of temperatures during a time interval for the evaluation of all heat
transfer coefficients and heat transfer rates. Since the average tem-
perature for an interval is unknown at the start of an interval calcula-
tion, this method requires a trial and error solution based on assumed
values. This method involves more work, but is more accurate for an
interval of given size. The trial and error method, is described here,
since it is more generally applicable. The method based on initial
temperatures is an obvious simplification of the described method.

For any set of conditions, describing the compartment and equipment
characteristics, there are six temperatures which define the thermal
condition of the compartment. The first of these is Tw, which is assumed
constant and the others are Ti, Tf, Ts, Ta, and Tel which are all vari-
able with time. A trial and error calculation involving so many variable
temperatures would be extremely difficult were it not for the fact that
certain of these temperatures are rather closely restricted in value.
The entrance temperature of the fuel Tfe is known for any instant of
time from a plot of fuel temperature vs. time (See Appendix III). The
average entrance temperature Tfem can then be found at the middle of any
time interval A-i from such a plot. The mean temperature of the fuel is
not this mean entrance temperature, however, but is somewhat higher due
to heat received by the fuel. This heat, qjf can be found very accurately
by estimate and varies only slightly, so that Tfm can be predicted with
ease. The temperatures Ti and T. are both quite cLose to Tfm, and differ
from it by amounts which vary slowly, so that they may also be predicted
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with ease. The remainder of the temperatures, Ta and Te are then the
only ones which could vary with sufficient rapidity to offer any dif-
ficulty in assuming values.

The calculation procedure is described in principle here. A
detailed calculation procedure and sample calculation are given in the
Appendix to this section. The procedure is described on the basis of
calculating one time interval Ar where the subscripts 1, 2, and m refer
to values at the beginning, end and middle of the interval, respectively,
and where the average value for any quantity, for example Tf, is always
found from a form such as

Tfm= Tfl+Tf2
2

The initial temperatures that must be found at the very beginning of a
calculation are found by a simplified procedure, omitting many of the
steps of the standard interval procedure. The simplifications allowed
are indicated in the Appendix to this section.

b. Calculation of an Interval

After finding Tfem for the middle of the time interval from
the fuel time temperature plot, the value of hf is found from equation
(VI-2), evaluating b at Tfem* For this purpose Vf must be known from
the fuel duct design and the fuel flow rate. Then, qif can be estimated
from a modification of equation (VI-12) in the form,

qif (I• l)( -Tfcm)

Ui hf

where Ui is taken from the previous interval. Equation (VI-13) is next
solved for ATf, using qsfm from the previous interval, since qsfm is

generally quite small compared to qo=qif. The value of cf for equation
(VI-13) is taken from Figure AT-2 at Tfem. The mean temperature of the
fuel is next estimated from,

Tfm = Tfem+ATf
2

The value of Ti2 is next assumed, where (Ti2-Til)% (Tfe2-Tfel)

Then Tim is calculated as,

Tim = Ti2+Til
2

Then the film temperature (Tim+Tfm)/2 is calculated, and a more accurate
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evaluation of the film heat transfer coefficient hifm is based on this
film temperature, using equation (VI-2). The more accurate calculation
of external' heat load to the fuel qifm is then made from

Ui hifm

with Ui based on the value of Tim recently found. If qifm agrees with
qif sufficiently close that ATf would not be changed more than 3*R by
using qifm, the calculation need not be repeated; otherwise the calcula-
tion is repeated from the determination of ATf onward. This rarely is
necessary.

Tsm is next approximated from

Tsm Tfm + P

where the subscript p denotes the previous interval. Te2 and Ta 2 are
assumed, and the values of Tem and Tam are calculated. If Te and Tf are
about equal, initially or at any other time during the calculation, Te2
can be estimated from

Te2 Tel + UfetmeCe

Otherwise Te2 will be less than that found by this estimation formula
for Te > Tf, and greater than given by the formula for Te < Tf.

The value of hr is next determined, as based on Tsm and Tem, and
the value of qr determined from equation (VI-5) based on these same
temperatures. Using Tsm, Tam, and Tem, values of hce and hs are found
as in Section V, and the value of hc is calculated for use in equation
(VI-9). Then, qc is calculated from equation (VI-9) and qsfm is calcula-
ted from,

qsfm i"(Tem-Tfm)

fsm hc+hr

Equation (VI-4) is solved, using all quantities with m subscripts, as a
check on Tsm. This calculated result should agree closely with the value
estimated earlier. If not, recalculation is required, using the first
calculated result as the estimated value. Agreement within 1IR is suf-
ficient, and very easily achieved by the estimation formula given, so that
recalculation is rarely necessary.
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Equation (VI-II) is next solved for ATe, using coefficients and
temperatures at the average value (subscript m). Te2 is given by,

Te2 = Tel+ATe

Ta2 is calculated from the heat valance,

(T T) = ( em)
hceR

where Tam = Tern + (Tam-Tem)

and Ta = Tal + 2 (Tam-Tal)

The calculated values of Ta2 and T 2 should agree within 3"R of the
assumed values, otherwise the calculated values should be used as the
assumed values for the repeated trial. When agreement is within 30R,the
calculated values are very accurate, and can be used as values of Tel
and Tal for the next interval calculation.

The time interval used for any interval should be restricted to a
value which corresponds to a rise in entrance temperature of the fuel
(Tfe2-Tfel) of 20 0 R.

EFFECTS OF COMPARTMENT AND EQUIPMENT CHARACTERISTICS ON THE TEMPERATURE
RISE OF EQUIPMENT IN A FUEL JACKETED COMPART14ENT

The calculation procedure of the Appendix to this Section has been
used to evaluate the temperature rise of equipment in a fuel-jacketed
compartment for a number of conditions. The results of these evaluations
are given here, together with a discussion of the significant variables
and salient conclusions.

1. General Temperature Performance

An indication of the temperature rise characteristics of equip-
ment in a fuel-jacketed compartment is given in Figure VI-2. The equip-
ment in a jacketed compartment is compared with the same equipment in a
compartment without a fuel jacket but the same insulating effect, and
with the same equipment in a compartment having perfect insulation. The
compartment and equipment characteristics are indicated in Figure VI-2.
The characteristic length used in evaluating the laminar flow heat
transfer coefficient in the fuel duct is one foot.

This could be interpreted to represent a cylindrical compartment
one foot in axial length, with the peripheral fuel jacket made up of
flat ducts one foot in length and running parallel to the axis

9
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of the compartment, with the duct thickness and fuel flow rates so pro-
portioned that Vf = 1000 ft/hr and Wf = 1000 lb/hr-ft 2 .

From Figure VI-2 it is seen that the equipment in the fuel-jacketed
compartment has the lowest temperature rise of the three cases considered.
It is interesting to compare the performance with that of the perfectly
insulated compartment. In a perfectly insulated compartment, the equip-
ment is protected completely from external heat load, and the equipment
temperature rise is linear with time due to the constant heat generation
rate, as shown. This would be the performance of a fuel-jacketed compart-
ment if there were no heat exchange between the equipment and the fuel
jacket. In the case shown, however, the fuel temperature (taken from
Figure AIII-9) is always below the temperature which the equipment would
assume without heat exchange. Therefore heat is transferred from the
equipment to the fuel jacket by free convection and radiation, giving
some cooling effect to the equipment. It is thus apparent that for the
condition of fuel temperature lower than equipment temperature, the fuel
jacket not only performs the function of a perfect insulator, but gives
a slight cooling effect as well. Strictly speaking, the equipment is
exposed to fuel jacket temperatures slightly higher than those shown,
since the temperatures plotted in Figure VI-2 are entrance temperatures
of the fuel. The fuel will be a few degrees hotter because of heat
received through the skin insulation, and heat received from the equip-
ment. If the fuel in the jacket were at all times at a temperature equal
to the equipment temperature, the jacket would function only as a perfect
insulator.

The plot for equipment temperature in a compartment having
U. = 2.0 Btu/hr-ft 2 -°R and no fuel jacket is taken from a calculation
using the analyticalmethods of Section V for equipment in an uncooled
compartment. In this case the equipment is exposed to some external
heat load as well as the generated heat load, so that its rate of tem-
perature rise exceeds that for the perfectly insulated compartment.

Figure VI-3 compares equipment temperature rise of two cases having
different fuel temperature characteristics. These fuel temperature plots
are taken from Figure A-III-9. The case of perfect insulation, as before,
represents equipment temperatures that would prevail if only the generated
heat were absorbed by the equipment, and if there were no external heat
transfer to or from the equipment. For an insulating effect on the fuel
tank of Uit = 5.0 Btu/hr-ft 2 -oR the fuel temperature as received from the
storage tank is about equal to or higher than the temperature of perfectly
insulated equipment. For the other case, where Uit = 1.0 Btu/hr-ft 2 -OR
the fuel temperature at entrance to the ducts is less than the temperature
of perfectly insulated equipment. As found before in Figure VI-2, the
equipment is not only protected from external heat, but is cooled some-
what by fuel temperatures below what might be called the 'bdiabatic"
equipment temperature. The other case, for Uit = 5.0 shows that the
equipment is heated somewhat by the fuel jacket when the fuel temperatures
run above the adiabatic equipment temperature. As explained earlier,
the true fuel temperatures are a little above the entrance fuel temperatures

WADC-TR 53-114 269



0j

0.0
%_04

0
OD 1

0.0
E

00

o 0.

a ..

0o00 0 0 0 0
0 (0 Ný 0 0

If If 11 It) U

00

WAflO-TR 53-1114 269

.CONFIDENTIAL



shown because of heat gain to the fuel, hence there is some equipment
heating even where the entrance fuel temperature is about equal to
adiabatic equipment temperature.

An important conclusion can be drawn from the plots of Figures VI-2
and VI-3 for aiding the prediction of temperature rise performance of
equipment in a fuel jacketed compartment. It is apparent from the
results shown and from analytical considerations that the equipment tem-
perature must always be between the adiabatic equipment temperature and
the entrance fuel temperature. Since the entrance fuel temperature plot
can be determined, and the adiabatic equipment temperature line is
defined by

Atr mece

definite limits are easily placed on the equipment temperature. The
designer can therefore use these limits to predict the range of possible
equipment temperatures for a fuel-jacketed compartment.

2. Heat Generation

The effects of heat generation by equipment on the temperature
rise of equipment in a fuel-jacketed compartment are shown in Figure
VI-4. The compartment and equipment characteristics are indicated in
the figure. A characteristic length of one foot is used in evaluating
the fuel heat transfer coefficients. The dashed line tangent to each
temperature curve at 460OR indicates adiabatic equipment temperature.
The line representing adiabatic equipment temperature is not shown for
the case q_ = 50 Watts/ft 2 , since it nearly coincides with the Te plot.
The fuel Mmperature plot shown is for Uit = 5.0, and is taken from
Figure A-III-9.

The case of qg = 50 Watts/ft 2 in Figure VI-4 is one in which the
fuel temperature is very close to the adiabatic equipment temperature.
Therefore, there is very little heat exchange between the fuel jacket
and the equipment, so that the equipment temperature is close to the
temperature for a perfectly insulated equipment. In the cases with
higher heat generation, the temperature lines for perfectly insulated
equipment lie considerably above the fuel temperature plot. Therefore,
for all of cases with q > 50 Watts/ft 2 some cooling takes place and the
Te-plots lie between th§ Tf-plot and the adiabatic line for the par-
ticular case.

Since the rate of heat transfer increases with increased temperature
potential, the cases of Figure VI-4 having greater temperature potentials
(Te-Tf) discharge more heat to the cooling jacket. This is clearly shown
in Figure VI-5 where the heat transferred to the cooling jacket is plotted
against time for each of the cases of Figure VI-4. Although the cases
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with greater heat generation have a more rapid rise of temperature and
a greater overall temperature rise, they are somewhat compensated in
that they are cooled more by the fuel jacket. It is noted, however,that
the greatest heat exchange rate of Figure VI-5 is only 328 Btu/hr-ft 2 ,2
or 48 percent of the corresponding heat generation rate of 200 Watts/ft 2 .
The deliberate use of surfaces with higher emissivity to improve radia-
tion heat transfer, and brigher compartment air pressures to improve free
convection heat transfer, would augment this cooling action somewhat.
For cases such as that with q. = 50 watts/ft 2 it is desirable to use low
emissivity surfaces and low compartment pressures, since the jacket heats
the equipment somewhat, as indicated by Figure VI-5.

Since forced convection is a more efficient heat transfer process
then free convection, the cooling effects of a low temperature jacket
could be greatly improved by. using a blower or fan to circulate air over
the equipment and along the wall of the fuel duct. This would introduce
some additional heat generation in the compartment due to the blower motor.
Such a system actually is a forced air heat exchanger system, where the
heat exchanger surface is the duct wall, and where the secondary coolant,
or transfer fluid, is the circulated air. This is not a very efficient
heat exchanger system, however, since the heat transfer coefficients in
forced convection over flat surfaces are not very large for a given
volume rate of air circulation. Further, if a forced air circulation
system is desired, it is usually preferred to use a compact exchanger
located within the compartment. Such an exchanger eliminates the struc-
tural difficulties and compartment accessibility drawbacks of a peripheral
fuel jacket. The subject of cooling with compact central heat exchangers
is covered in Section VII.,

The initial slopes (ATe/AT) of Figure Vi-4 are all approximately equal
to the slopes of the corresponding lines for adiabatic equipment tempera-
ture rise. This condition exists only when the initial equipment tempera-
ture equals the initial fuel temperature.

3. Fuel Flow Rates

The temperature rise plots of equipment in a fuel jacketed com-
partment for two fuel flow rates are shown in Figure VI-6. Compartment
and equipment characteristics are given in the figure.

It is apparent that the temperature rise of equipment is not greatly
affected bý the fuel flow rate in the range of flow rates from 500 to
1000 lb/ft -hr. Them are two reasons for this. First, both flow rates
are sufficient that the temperature rise of the fuel due to the heat it
receives is small, having little effect on the temperature of the fuel
duct exposed to the equipment. Second, the fuel heat transfer coefficient
inside of the duct is quite large compared to the radiation and free
convection coefficients inside the compartment. The temperature potential
across the fuel film is therefore very small, and its variation over the
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range of flow rates considered has a negligible effect on the duct tem-
perature exposed to the equipment. The fuel flow rate would be of more

3 importance in determining equipment temperature performance at very low
flow rates, since the temperature rise of the fuel would be large and the
fuel film coefficient would be small.

4. Ratio of Free Convection to Radiation Heat Transfer Surface
Area

The effect of the ratio of free convection to radiation heat
transfer surface on the temperature rise of equipment is shown in Figure
VI-7. Compartment and equipment characteristics are given in the figure.

It is apparent that the area ratio has little effect on the tem-
perature rise performance of the equipment. This area ratio is signi-
ficant only to the free convection heat transfer process. The higher
values of R signify greater heat transfer by free convection, and result
in greater reductions of equipment temperature below the adiabatic tem-
perature. However, the equipment temperature is influenced so heavily
by other variables such as generated heat and thermal capacity that
changes in free convection due to rearrangement of equipment surfaces
have little effect. It is therefore concluded that changes of heat
transfer rates and temperature rise rates in a jacketed compartment
should be effected by manipulation of the more dominant variables, such
as air pressure, surface emissivities, and equipment thermal capacity.

5. Temperature Rise of the Fuel

The insulation between the skin and the fuel duct as shown in
Figure VI-1 serves two purposes. Its first purpose is to prevent contact
between the fuel and the high temperature skin, since the skin tempera-
tures of interest in supersonic flight may be far above the maximum
allowable fuel temperature. Its second purpose is to reduce the overall
heat transfer coefficient between the skin and the fuel. This reduces
the amount of heat from the skin which is absorbed by the fuel, and con-
sequently reduces the temperature rise of the fuel. For the calculation
cases considered earlier, the value of hifm is about 20 Btu/hr-ft 2 -@R for
the cases with Vf = 1000 ft/hr and is about 15 Btu/hr-ft 2 -OR for the case
with Vf = 500 ft/hr. If no skin insulation were provided, this would
be the overall heat transfer coefficient between the skin and the fuel
(in the actual case, hifm would be a little greater because of the tem-
perature effect on the value of b, as indicated by Figure VI-9). From
inspection of equations (VI-12) and (VI-13) it is seen that this
condition would give excessive temperature rise of the fuel. For ex-
ample, for Tv = 13550R, Tf = 600°R, Wf = 500 lb/hr-ft 2 and hifm =
15 Btu/hr-ft 2-_R, the fuel temperature rise would be 42.8*F due to heat
received from the skin. For the same conditions, but using an insulat-
ing effect of Ui = 2.0 Btu/hr-ft 2 -*R between the duct and the skin, the
temperature rise is only 50F. For all of the cases shown in the
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preceding plots, the fuel temperature rise is less than 8*F, and for
nearly all cases less than 4F. Since an insulating effect of Ui = 2
does not represent much by way of insulation thickness, it is apparent
that the fuel temperature rise due to heat from the skin can easily be
restricted to small values.

The actual temperature rise of the fuel is not so important as the
maximum temperature it achieves. This highest temperature occurs at
the fuel film which touches the insulation side of the fuel duct. The
temperature at this point must be held below values at which fuel de-
terioration due to overheating occurs. A design example is given
later, showing the method of selecting a proper skin insulating effect
to limit the greatest fuel temperature to any desired value.

DESIGN PROCEDURE FOR A FUEL-JACKETED COMPARTMENT

Procedures are given here for the evaluation of temperature rise
performance and the design of insulation and fuel ducts for a fuel
jacketed compartment. The question of whether or not to use a fuel
jacketed compartment to achieve a desired performance depends on many
factors, and can be answered only by comparison of the fuel jacketed
compartment with other compartment types capable of producing the same
temperature rise performance. A method of dealing with the general
question is described in Section XI.

1. Preliminary Performance Evaluation

The first problem in determining the suitability of a fuel jacketed
compartment is to determine whether it is capable of providing the proper
variation of equipment temperature with time. It is assumed that the
temperature-time plot for the fuel is already known or is calculated by
the methods of Appendix III. The next step is to construct the adiabatic
equipment temperature line, which describes the equipment temperature as
a function of time, assuming that the equipment is heated by generated
heat, but does not exchange heat with any other body. The slope of this
line is given by,

ATe= g
mAce

A line having this slope, and beginning at the known initial equipment
temperature is constructed on the same grid with the fuel temperature
plot. All of the possible plots of equipment temperature versus time
must lie between the fuel temperature plot and the adiabatic equipment
temperature line as found in Figures VI-2,-3, and -4. An example of a
preliminary performance evaluation plot is given in Figure VI-8. All
of the possible temperature-time curves for the equipment lie within
the shaded region. It is impossible to produce an equipment temperature
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Schematic of Performance Evaluation Plot

outside of this region, using a fuel jacketed compartment. Of course,
if the allowable equipment temperatures lie above the shaded region
and lower temperatures are not detrimental to operation, the fuel-
jacketed compartment may be used. Where thi is the case, the design-
er's work is finished after using the design procedures for determining
fuel duct dimensions and required insulation thickness. If the allow-
able maximum equipment temperatures lie in the shaded region, a more
detailed performance evaluation must be made. In order to do this, the
insulation and duct system must be designed first.

2. Design of Insulation and Fuel Ducts

a. Dimensions of Fuel Duct

The spacing between the fuel duct walls should be made as small as
possible in the interest of conserving space occupied by both the fuel
duct and the skin insulation. From equation (VI-2)

hf a (Vfp" 5 = (AQ)O05 , (1 )0"5
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Therefore, the film heat transfer coefficient increases with reduced
wall spacing in the duct for a given fuel flow rate. For given tempera-
ture conditions, this gives increased heat flow to the fuel qif" There-
fore fiom the heat flow equation

L (T.-T.
qif --2i

it is apparent that the insulation thickness required is reduced. This
qualitative analysis is based on assumed given temperature conditions,
where the skin temperature Tv is known and the maximum allowable fuel
temperature is known. Since one wall of the fuel duct contacts the
insulation face, Ti must be limited to the maximum allowable fuel tem-
perature.

b. Thickness of Insulation

As pointed out in the preceding paragraph, the insulation
thickness required is dependent on the particular temperature conditions
and on the flow velocity in the fuel ducts. The procedure for selecting
the skin insulation to meet given design conditions is given here,
together with an example design problem.

Given data:

(1) Compartment is cylindrical 2 ft diameter
and 2 ft long. Ducts run entire length.
Skin surrounds the cylindrical surface only.

(2) A total fuel flow rate of 10,000 lb/hr is
available to the jacket ducts.

(3) Maximum allowable fuel temperature is
64 0*R (therefore design Ti = 64o0R).

(4) Insulation having the physical properties
of rock wool is used.

(5) Spacing between the duct faces xd is 1/4
inch or 0.0208 ft.

TV = 1355"R

qg - 150 watts/ft 2 = 511 Btu/hr-ft 2

ece = 2 Btu/OR-ft 2
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S= 2.5

Fuel temperatures on entrance to the
duct are taken from Figure A-III-9,
for Uit = 5.0 Btu/hr-ft 2 -oR

The flight time is Zt = 80 min.

Calculation:

1. Calculate the total area of skin for the
compartment

Aw = x2x2 = 12.6 ft 2

2. Calculate the fuel flow rate per square
foot of skin

10. 000

Wf = 1 = 794 lb/hr-ft2

3. Get Tfe at terminal flight time from

Figure A-III-9

Tfe = 588OR

14. Calculate Vf = (W)(2L

duct length L = 2 ft

for fuel at 880 R, Figure AI-2,
"I = 47.1 lb/ft

7 47 4 2 1 2 t 4

vf P 7 = 1620 0.020

5. Calculate R = IVfx

V from Figure AI-2

for Tf = 5880R, [ = 1.18 lb/ft-hr

= 47.lx620x2 129,000
Be 5i1.18 =
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.(Reference VI-l gives Re = 300,000 as the value for change from laminar
to turbulent flow. The figure above therefore represents laminar flow,
indicating the validity of this procedure for this case.)

6. Calculate hif = 0.66 b (Vf)°'5
evaluating b with Figure VI-9 in
the appendix to this Section.

b(for Tf = 5880R)= 1.046 = 0.739

(2)0.5

(using the duct length, L = 2 ft for x)

hif = 0.66x0.739x(1620) 0 5 =

19.6 Btu/hr-ft 2 - R

7. Write the equation qif = hif(Ti"Tfe+TfL)
2

where Ti is equal to the maximum allow-
able fuel temperature

qif 19.6 (346- Tf. )

8. Write the equation qjf = Wfcf(TfL'Tfe)

for ct from Figure AI-2

cf at 588"R = 0.524 Btu/lb-OR

qif =- 417 (TfL-58 8 )

9. Solve equations from 7 and 8 for TfL
2h = 591*R

10. Calculate qif = hif (Ti - Tfe+TFT)
2

Tfe+TfL .588+591 = 589.5"R

2 2

qif = 19.6 (64o-589.5) - 1010 Btu/hr-ft 2
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ii. Get ki for insulation at

2
ki - 0.0502 Btu/br-ft-OR

12. Calculate xi k ki (Tv-Ti)
qif

S00502 (1355-64o) - 0.0355 ft.
1010

or x - 0.0355x12 a 0.427 in

which, to be conservative, should be increased
to 1/2 inch.

It should be noted that this design calculation neglects heat re-
ceived by the fuel from the equipment. This assumes that the heat flow
rate from the equipment is not great enough to affect the fuel tempera-
ture appreciably.

3. Detailed Performance Evaluation

After designing the fuel ducts and insulation, a more detailed
performance evaluation is made. This can be done quite accurately by a
simplified procedure based on the following assumptions:

a. The fuel temperature is determined principally by the
entrance fuel temperature and the heat received through
the skin insulation. Heat received from the equipment
is neglected.

b. The fuel film coefficients are so large compared to free
convection and radiation coefficients that the fuel jacket
surface facing the equipment can be considered to be at
fuel temperature.

c. The compartment air temperature can be approximated by the
arithmetic mean of fuel jacket temperature and equipment
temperature at any time.

Using the first of these assumptions, a plot of fuel temperature
versus time is constructed by the following procedure.
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Procedure A: Calculation for Fuel Temperature Plot

Given Data:

insulation material _, xi _ ft

length of fuel ducts x = ft

fuel flow rate Wf = lb/ft 2 -hr

skin temperature TV = OR

spacing between duct walls xd = ft.

plot of entrance fuel temperature versus time

Calculation:

This calculation should be made for several instants of time
one at the beginning of the design flight time, one at the end, and
sufficient intermediate points to establish the shape of the fuel tem-
perature plot.

1. Select z and assume Ti

Ti = *R

2. Get ki at• 2

ki = Btu/hr-ft- DR

3. Calculate qif =ki (Tw-Ti)
Xi

qif = Btu/hr-ft
2

4. Get Tfe at -and cf at Tfe

Tfe = _ R

cf = Btu/ib-"R

5. Calculate ATf = qif

Wf f

ATf = OR
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6. Calculate Tf = Tfe + ATf

Tfm = OR

7. Get -, cf, g, PratTfm

S= lb/ft3

cf = Btu/lb-*R

S= lb/ft-hr

Pr =

8~CalculateV 1 =

= ft/hr.

o.66 r I

9. C.alculate bf/

hif= Btu/hr-ft 2 -_R

10. Calculate Ti = qif + Tfm _-R
hif

Repeat procedure for agreement between assumed Ti and calcu-
lated result.

In using a procedure such as this, agreement of assumed and calcula-
ted values of 2 or 3*R is entirely sufficient, since slide rule calculation
and chart reading introduces at least this much error.

After determining the plot of Tft versus T-, the last two assumptions
are used in a procedure to determine equipment temperature rise with time
as given below.

Procedure B: Calculation of Equipment Temperature Rise

Given Data:

fuel temperature plot from Procedure A

R5
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q9 Btu/hr-ft 2

Tel O__ R

Calculation:

1. Select AT , assume Te 2

Ar= hr

Te2 "R

2. Calculate Te = Tei+T=.
2

Tern - OR

3. Get Tfh at middle of AT

Tfm O R

4. Calculate hr - 17.4 x 10-4 1 1 B

Ts

where B = 100) 1(0)

(e % (T8

from Figure AIV-I

hr = Btu/hr-ft 2 -oR

5. Calculate T. Tf+Tem
2

Tam=
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6. Get at Tsm+Tam

Figure ALIV-2

/

7. Get ("-- at Tam+Tem

2'2/3)e2

8. Calculate he, (a/ )(((2/3) (TamnTsm)1/3

hcs = Btu/hr-ft 2 -°R

/

9. Calculate lice a J2/3))e ( -T/3)1/

hce = Btu/hr-ft 2-_R

10. Calculate
hc= 1 1

hcS Rhce

he= Btu/hr-ft 2 - R

11. Calculate

ATe = (hc+hr)(Tem-Tsm) AT
"mece

ATe =OR

12. Calculate Te2 = Tel + ATe

Te2 OR

Repeat procedure for each time interval until assumed
and calculated values of Te2 agree within about 60R,
then calculated result is correct.0
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The procedure is continued for successive time intervals until the
flight duration of the design is covered. When the calculation is com-
pleted the designer will have an accurate indication of the temperature
rise performance of equipment in a fuel-jacketed compartment of the pro-
posed design.

In designing a compartment for performance within the shaded region
of Figure VI-8, the effects of surface emissivities and compartment air
pressures should be kept in mind. If the upper boundary of the shaded
region is the fuel temperature curve, the emissivities and pressure should
be low. If the upper boundary of the shaded region is the adiabatic tem-
perature, the reverse is true.

APPENDIX TO SECTION VI

1. Calculation Procedure for Temperature Rise of Equipment in a
Fuel-Jacketed Compartment

The calculation procedure given below is for the stepwise calcula-
tion of equipment temperature rise with time in a fuel-jacketed compartment.
An example interval calculation is carried along with the procedure.

Given Data:

Tv = 1355 0R

S= 2.5 atmospheres

Ui = 2.0 Btu/hr-ft 2 -*R (rock wool)

mece = 2.0 Btu/ft 2 -OR

R =4

Es= 0.1, e = 0.2

Tel - 820.i*R

Tal 775 .3R

Til = 758.3

qg= 150 watts/ft 2 = 511 Btu/hr-ft 2

Vf= 1000 ft/hr

Wf = 1000 lb/hr-ft 2

Fuel temperature from Figure AIII-9 with Uit= 5 Btu/hr-ft 2 -°R

x = 1 ft
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1. Select At and get Tfem at middle of AT from Figure AIII = 9

A = o.1368 hr

Tfem = 686.6 0R

2. Calculate hf = 0.66 b(Vf) 0 *5

where b(x) 0 *5 is from Figure VI-9t

at Tfem, and b = b(x) 0 5/(x)0-5

b = 1.11

hf= 0.66xl.llx3l.62 = 23.18 Btu/hr-ft 2 -°R

3. Calculate qif = 1i 1+ (Tw-Tfem)

Ui hf

using Ui from previous interval, step 11

(1355 - 686.6)
qif = 1 + 1 1381 Btu/hr-ft2

2.276 23.18

4. Get cf at Tfem from Figure AI-2

cf = 0.5886 Btu/lb-°R

5. Calcu' .te ATf = qif + qsfm
Wfcf

using qfm from previous interval

ATf =138 + 170 = 2.64 OR
l0Q0oxo.5886

6. Calculate -fm = Tfem + 1
2

Tfm = 686.6 + 1.32 = 687.9 OR

7. Get (Tfe2-Tfel) from Figure AIII-9

Calculate Ti 2 ,.Tii + (Tfe 2 -Tfel)

Ti 2 z758.3 + 33.6 = 791.9°R

8. Calculate Tim =(Tijl + Ti2)
2

Tim = 775.1°R
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9. Calculate film temperature

(Tim ÷ Tf) = 731.5@R
2

10. Calculate hifm = 0.66 b(Vc) 0 -5

using Figure VI-9 and film temperature of step 9

b = 1.133

hifM a 0.66 x 1.133 x31. 6 2 = 23.7 Btu/hr-ft 2 -oR

11. Get Ui at Tir from Figure AIV-4

Ui = 2.308 Btu/hr-ft 2 -_R

12. Calculate

qim = (- 1) (Tw-Tfm)

hif m

= (1355 - 687.9) - 1400 Btu/hr-ft 2 -OR
1 + 1

2 23.7

Recalculate ATf in step 5 using this result. If result agrees
with original within 2 0R, continue to step 13, otherwise re-
calculate from 5 on.

13. Calculate Tm Tfm + (hq )p

where subscript p reTers to previous interval.

Tsm • 687.9 + 7.5 - 695.4°R

14. Assume Te2 and Ta2

Calculate Tern and Tam

Te 2 - 839.2
0 R

if Te=- Tf, =a 811-50R

qgAT Tem = 829.6 0 R
Te2rTel + mece

Ta= 793.4°R
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15. Calculate hr, = 17.41 x 10-4( L 1 7SL+L-i) B

e•s ee

taking B from Figure AIV-1 for Tam and Tern

jem) 1 4

B = 1780
hr = 1.24 x 1780 x 10. = 0.221 Btu/hr-ft 2 -oR

16. Calculate Tm.+2am and get
2

(a;3 from Figure AIV-2

at this temperature = 0.1681

17. Calculate Tam + Tsm and get
2

( :/3 )fromn Figure AIV-2

at this temperature (.2/7) e 0.1591

18. Calculate hcs f 23 2/3) (Tam-

hcs =0.1681 x 1.841 x (793.4 - 695.4)1/3 = 1.4-3 Btu/hr-ft 2 -@R

a 2/3 /319. Calculate hce S ) (Tern - Ta)
e

hce= 0.1591 x 1.841(829.6 - 793.4)1/3 = 0.971 Btu/hr-ft 2 -oR

20. Calculate hc = I + 1

hcs hceR

c 1 + 1 1.04.6 Btu.'r-ft--R

1.43 kxO.971
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21. Calculate Tsm + Tfm

2
nd h~s = o.66 b(Vf) 0 5

using Figure VI-9 at this average film temperature

b = 1.113

hsfm = 0.66 x 1.113 x 31.62 = 23.22 Btu/hr-ft 2-_R

22. Calculate qsfm 1 + (Te - T)

hsfm hc+hr

829.6 - 687.9
qsfm 1 + 1 170 Btu/hr-ft2

23.22 1.046+0.221

23. Calculate Tsm Tfm + qsfahsfm

Tsm= 687.9 + 170 = 695.2OR
23.22

Result should agree within IOR of step 13, otherwise repeat,
using result of 23 as Tsm, from step 13 onward.

24. Calculate

ATe = q- (hc+hr)(Tem-Tsm) AT

ATe - (511 - 1.267 x 134.4) x 01-168= 19.9°R
2

25. Calculate Te2 - Tel+ATe

Te2 - 820.1 + 19.9 840°R

26. Calculate

(Temr-T.) = he (TemrTsm)
hceR

1.=097]4 (830-695.4) 36.2°R
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27. Calculate Tam = Tern - (Tem-Tam)

Tam = 830 - 36.2 = 793.8 0 R

28. Calculate Ta 2 = Tal + 2(Tam-Tal)

Ta2 = 775.3 + 2x18.5 = 812.3 0 R

The calculated results of steps 25 and 28 should agree within 3 0R
of assumed values of step 14, otherwise recalculate from 14 onward
until such agreement is reached, then use calculated results as
values of Tel and Tal of the next interval.

In using the above calculation procedure, proper attention must be paid
to the signs of the various heat rate quantities and temperature potentials.
A negative value should be carried with its negative sign, following the
rules of algebra. Negative signs encountered in the determination of a
heat transfer coefficient are ignored, however, using the absolute value
of the quantity, since heat transfer coefficients are always positive. For
example, in step 18 the term (Tam-Tsm) may be negative, but its absolute
value is used to determine the value of hcs, which is always positive.

If calculation for a fuel-jacketed compartment is just beginning, it
is necessary to determine values of Ti, T_ , Ts, and Ta corresponding to
the initial assigned values of Tw, Tfe, and Te" This can be done by trial
and error calculation, using this same procedure for Atv = 0. Special
modifications are as follows for the same step numbers. Steps not mentioned
remain essentially unchanged.

1. AT =0

2. Evaluate at Tfe for Z= 0

3. Take initial assigned value of Ui

5. Take qsm = 0 as first try (true if Te = Tf, then Ta = Te)

7. Calculate Ti = Tw _ qjf

Ui

8. omit

9. Calculate Ti + Tfm

2

11. Omit, used assigned value

13. Assume Ts = Tfm

14. Work with Te and Ta, omitting time subscripts in steps 14 through
23.

0
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(note that Tfm has already been determined, and that its subscript m

is not a time subscript).

24 . omit.

25. Omit.

26. Use Ts, Ta, and Te as assigned or assumed.

28. omit.

Repeat to-convergence of assumed and calculated values.

2. References

(VI-I) Jakob, M. and Hawkins, G. A.
Elements of Heat Transfer and Insulation.
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(VI-2) Brown, A. I. and Marco, S. M. Introduction to
Heat Transfer. Second Edition. McGraw-Hill Book
Company, Inc., New York, 1951, pp. 52-55.
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SECTION VII

TEMPERATURE RISE OF EQUIPMET IN A COMPARTMENT
COOIMD BY AN AIR-TO-LIQUID HEAT EXCHALER

By T. C. Taylor and Y. H. Sun

There are many cases in whLch the combination of external and gen-
erated heat loads is so severe that an uncooled or fuel-jacketed compart-
ment is unsatisfactory. In such cases an effective cooling method must be
employed to limit the equipment temperature rise. One method would employ
a primary cooling fluid, a heat exchanger, and a secondary coolant, or
transfer fluid, which is used to convey heat from the equipment to the
heat exchanger, The use of a system of this type has the outstanding ad-
vantage of wide freedom in the choice of a primary coolant, since only the
secondary coolant contacts the equipment.

This Section is concerned with the characteristics of practical sys-
tems in which the transfer fluid is air., the compartment atmosphere, and
the primary coolant is a liquid. The study is specifically concerned with
-the use of fuel as the primary coolant, although the methods used are suf-
ficieatly general to be applicable to other fluids as well.

Compartments with direct cooling systems incorporating an air-to-
liquid heat exchanger are physically more complex than uncooled or fuel-
jacketed compartments. Space and weight requirements are added for the
heat exchanger, the air circulating blower and motor, and the duct work.
These complications are justified only where the simpler systems discussed
in Sections V and VI are unsatisfactory. Therefore, the cooling system
analyzed in thLs Section should be used only when it has been definitely
established that the simpler systems are inadequate for the limitation of
equipment temperature in a particular application.

The analysis of transient thermal performance of compartments with
direct cooling systems is complicated by the evaluation of the variable
cooling performance resulting from the variations of equipment and coolant
temperatures with time. However, these factors and thermal storage ca-
pacity must be considered for the purpose of designing a heat exchange sys-
tem of minimum size for a given application having a specified equipment
temperature limit.

SUMMARY

The temperature rise of equipment in a compartment cooled with a heat
exchanger is considered. It is assumed that a heat exchanger using a
liquid primary coolant is located in the compartment, and that air is
forced over the equipment and through the heat exchanger in a closed cir-
cuit.

Fuel is principally considered as coolant. The location of the heat
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exchanger is assumed to be central and near the fuel line, thus not im-
peding the accessibility of the compartment. However, the equipment is
directly exposed to external heat loads by radiation and free convection.

In addition to external heat gain and the heat generated by the equip-
ment itself, the power requirements of the circulating blower of the forced
air system is included in the equipment heat balance. The entire group of
equipment bodies is considered as a heat generating heat exchanger, and a
constant value of heat exchange effectiveness is assigned to the group.
Only the air side of the cooling heat exchanger is analyzed, it being as-
sumed that the primary coolant is used in such a way as to give a very high
heat transfer coefficient on the liquid side, and negligible temperature
rise of the primary coolant. A constant compartment air pressure is as-
sumed, and the thermal capacities of the air and the skin insulation are
neglected. The skin temperature is assumed constant, as justified for marn
cases in Section IV.

Equations are developed to describe the external heat load and the
heat exchanger cooling action, and the power requirements of the blower
motor. These equations are combined with those for the generated heat load
and the effect of equipment thermal capacity to give a complete heat balance
for the system. A general calculation procedure based on these equations
is developed, and is used to evaluate the equipment temperature rise in
supersonic flight. The heat rates and characteristics of the compartment,
the equipment, and the cooling apparatus are all expressed on the basis of
unit skin area. This permits application of the calculation procedure to
compartments of any shape.

A simplified analysis is given, based on linear relationship between
external heat load and equipment temperature. For a linear relationship
between the primary coolant temperature and time, this analysis results in
a differential equation involving the equipment temperature and time which
is fromally integrated. The solution can be used over fairly large ranges
of equipment temperature to obtain a rapid, approximate evaluation of the
equipment temperature rise.

A procedure and example are given to show the method of determining
the design conditions for the heat exchange system on the basis of tran-
sient performance and of designing for the optimum combination of a heat
exchanger and skin insulation. For a given desired temperature performance
of the equipment, the design can be either for minimum space requirements
or minimum weight requirements, whichever is critical. In the example
given, the optimum designs for these two criteria are substantially the
same.

Equipment temperature-rise performance is calculated for a number of
compartment, equipment, and cooling apparatus characteristics. The cases
studied are confined to the use of JP-3 fuel as a primary coolant. The
salient conclusions based on the results of these calculations are as fol-
lows.

1. Following an initial period of adjustment, the heat exchanger in
a cooled compartment maintains a nearly constant temperature difference
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between the equipment and the primary coolant used. The equipment
temperature is sufficiently above the coolant temperature to transfer
all heat except that which is stored in the equipment itself. The
equipment stores heat when necessary to raise the equipment tempera-
ture in keeping pace with the change of primary coolant, or fuel tem-
perature. The temperature difference required to maintain the parallel
relationship between the equipment temperature and the coolant tempera-
ture increases with increased heat loads and decreases with increased
thermal capacity of the equipment.

2. The heat exchange effectiveness of both the heat exchanger and the
equipment are important factors in determining how closely the equip-
ment temperature may be made to approach the fziel temperature. An in-
crease of either of these effectiveness values decreases the tempera-
ture difference required for a given heat removal, or cooling effect.
The temperature difference is also inversely proportional to the flow
rate of the air used as a secondary coolant. If increased heat ex-
changer effectiveness is used to obtain better cooling effects, the
heat exchanger size and weight increase, and the air power require-
ments increase. If increased air flow rate is used to improve the
cooling effect, the result is at least partially offset by increased
air power requirements. The effect can be quite serious, since the
power requirements are proportional to the third power of the air flow
rate. Equipment should be arranged wherever possible so as to have the
highest possible effectiveness as a heat exchange device.

3. In order to design a heat exchanger system which maintains a speci-
fied difference between the equipment temperature and the fuel tempera-
ture, the heat storage rate of the equipment must be properly accounted
fcw. This heat storage rate is subtracted from the sum of external,
generated, and blower power loads, since it is not actually handled by
the heat excharg er. The heat storage rate can be determined in advance
of the other design calculations by making use of the approximately
constant temperature difference (Te-Tf) observed from the calculation
study. The importance of accounting for the heat storage rate in a
transient design is illustrated by an example in which a steady-state
design procedure gives a heat exchanger over twice as large as the one
actually required for transient operation.

Infinitely marn heat exchanger designs are possible for a given
performance, depending upon the heat exchanger effectiveness and the
ratio of blower power to cooling load selected. A low-effectiveness
heat exchanger can be made to do the same job as a more effective ex-
changer, but a higher air flow rate is required, giving higher air
power requirements, The heat exchanger of lower effectiveness is
smaller, however, and therefore offers some advantage.
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ANAL!IS

1. Assumptions for Analysis

This analysis of equipment cooled by an air-to-liquid heat ex-
changer makes use of a compartment similar to that described in Section V.
Both the equipment and cooling apparatus are enclosed in a constant-pres-
sure compartment, either with or without skin insulation. Since the heat
exchanger is centrally located with the equipment, both are exposed to the
external heat loads by radiation and free convection. This requires more
effective cooling of the equipment than would be required if the heat ex-
changer surrounded the equipment. The centrally located exchanger offers
the important advantages of greater compartment accessibility and fewer
structural complications, however. In addition, the total heat load to the
fuel or primary coolant is much less for a central heat exchanger than for
one which surrounds the equipment. This is important. since the allowable
heat addition to the fuel may be severely limited. A closed air circuit is
used, consisting of the ductwork, the equipment casing, the blower casing,
and the heat exchanger. Although air in the closed circuit is under forced
circulation, it is assumed to be at substantially the same pressure as the
compartment air surrounding the equipment. A schematic drawing of the ar-
rangement of equipment components and cooling apparatus as they might be
placed in a cylindrical compartment is shown in Figure VII-l. In the fig-
ure, the individual equipment bodies are shown connected in series in the
closed air circuit, although parallel and combinations of series-parallel
circuits are just as likely.

ISKIN

BLOWER-INSULATION

S•P-EQUIPMENT

FUNEL7/ FUEL

-BULKHEAD

Figure VII-l. Schematic of Compartment With an
Air-to-Liquid Heat E&changer
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As in Section V, the equipment is assumed to receive external heat
from the aircraft skin by free convection and radiation only. It is also
assumed that an average surface temperature can be used to represent all
equipment surfaces in describing the heat transfer processes in the ccm-
partment. This applies to both heat received from the skin and heat re-
moved in the forced air circuit. It is convenient to consider the entire
group of equipment bodies as a heat generating exchanger. This permits
the use of the concept of heat exchange effectiveness (to be defined later)
in constructing analytical relationships between the equipment temperature
and other variables of the system. It is assumed that this heat exchange
effectiveness of the equipment is substantially constant with changes of
equipment temperature. This assumption is reasonably accurate, since the
heat exchange effectiveness of any surface is principally a function of its
pkhysical dimensions, shape, and flow rates, and is affected only slowly by
changes of fluid properties due to changes of temperature.

Equipment usually cannot be designed in such a way as to give high
priority to its performance as a heat exchange device. It is therefore
reasonable to assume that the effectiveness of the equipment as a heat ex-
changer is low, and consequently that the pressure drop due to forced air
flow through the equipment is low. Thus, in analyzing pressure drop and
air flow power requirements of the system, it is assumed that the principal
pressure loss of the forced air circuit occurs in the heat exchanger, and
that losses occurring elsewhere are negligible. In most of the analysis,
the type of heat exchanger considered has air flow through tubes so that
the air pressure drop is based on data for straight, smooth tubes, with an
appropriate allowance for entrance and exit losses. The pressure loss and
air flow rate are used to establish air power requirements. In determining
the heat load on the system due to energy input for air circulation, it is
assumed that the over-all efficiency of the blower-motor unit is 25 percent.
It is assumed that the blower's discharge volume remains constant during
the entire flight time, irrespective of chaxges in air temperature.

The film coefficient on the liquid side of the heat exchanger is not
considered in this analysis. It is assumed that the liquid coolant is cir-
culated around the outside of the tubes at high velocity, giving a large
heat transfer coefficient and negligible temperature drop between the
liquid and the tube surface. Temperature drop through the metal tube wall
is also neglected. It is also assumed that the liquid flow rate is so high
that the temperature rise of the liquid can be neglected, and the entire
tube surface in the heat exchanger can be considered at the same tempera-
ture. Thus, the liquid temperature is at all times taken as substantially
equal to its temperature on entering the heat exchanger. The primary
coolant temperature may therefore vary with time depending on factors which
affect its temperature at its source, but the primary coolant temperature
is independent of the heat exchange process within the compartment. The
conditions of very large heat transfer coefficient on the liquid side and
negligible tempera4,ure change of the liquid coolant are possible in a
practical applicativn. These conditions would be fulfilled by using as
primary coolant the fuel consumed by a large ram-jet engine, providing the
cooling load were not exceptionally great. They would also be fulfilled
when using an evaporative coolant on the liquid side of the heat exchanger.

0
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As in the case of previous analyses, thermal capacities of the com-
partment air and insulation are neglected. The thermal capacities and heat
transfer surface areas based on a unit skin area associated with the com-
partment are now considered to include the ducts and other cooling apparatus
in the compartment. The heat exchanger itself is not included. Any ex-
ternal heat load by convection and radiation to the heat exchanger is trans-
ferred to the primary coolant without entering the air circuit and therefore
is not a part of the heat loads in the equipment cooling problem.

All heat transfer and heat generation rates are expressed on a unit
skin area basis. The same is true of the equipment thermal capacity. It
therefore follows that the principal variables describing the heat exchanger
and the cooling performance are on a unit skin area basis. For example, in
the case of a tube-type heat exchanger with air flor through the tubes, the
number of tubes specified and the total air-flow rate are expressed as the
number of tubes per unit area and the cubic feet per hour and per unit area,
respectively. A heat exchanger serving a compartment having several units
of skin area would consist of the same length tubes, but the total number of
tubes would be the nwaber per unit skin area times the total number of skin
area units associated with the compartment.

2. Nomenclature

Symbol Definition Units

A Area ft 2

a,bcd Empirical constants defined by equations
(VII-19 and -20)

a' Convection group used in equation (VII-3)

B,C Substitution constants for equation (VII-22)

c Specific heat Btu/Ib-%R

Specific heat at constant pressure Btu/lb-°R

D Diameter ft

E Constant of integration

F Relative use factor dimensionless

f Frictio n factor dimensionless

G Substitution constant for equation (Vii-22)

g Gravitational constant - 4.17xi08 ft/hr2

H Substitution variable defined in Figure VII-9
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Smbol Definition Units

h Heat transfer coefficient Btu/hr-ft 2 -oR

K Coefficient for entrance and exit losses dimensionless

k Thermal conductivity Btu/hr-ft 2 _oR

X Substitution constant for equation (VII-22)

m Weight based on unit skin area Ib/ft 2

n Number of tubes or namber of frontal area
units in heat exchanger core based on unit
skin area dimensionless

n? Total number of tubes or number of frontal

area units in heat exchanger dimensionless

Pr Prandtl modulus dimensionless

p Pressure lb/ft 2

Q Volume flow rate based on unit skin area ft 3/hr-ft 2

q Heat transfer rate Btu/hr-ft 2

R Ratio of free convection to radiation heat
transfer surface area dimensionless

Re Reynolds modulus dimensionless

X Radius ft

T Absolute temperature

U Conductance Btu/hrft 2 _OR

V Velocity ft/hr

W Weight flow rate based on a unit skin area lb/hr-ft 2

w Weight lb

x Length or thickness ft

a A ratio of motor power to heat exchanger
capacity dimensionless

y Weight density lb/ft 3

PrEssure atmospheres
(dimensionless)
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atuol. D efinition Units

E Radiation emissivity dimensionless

A-'-Viscosity lb/ft-hr

SBeat exchanger effectiveness dimensionless

Time hr

Time min

SUBSCRIPTS

a Refers to air

ai Denotes air entering equipment

ao Denotes air leaving equipment

al Denotes air entering tube

ax Denotes air leaving tube of length x

Denotes convection when used with heat
transfer coefficient

Denotes free flow area of core when used
with area

ce Denotes convection at equipment surface

ci Denotes convection at insulation surface

d Denotes design value

a Refers to equipment

f Refers to fuel

g Denotes generated value

H Refers to heat exchanger

h Denotes bydraulic radius

i Refers to insulation

it Refers to insulation on fuel tanks

A Denotes average value
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SUBSCRIPTS

o Denotes external value

p Denotes power requirement of blower motor

r Denotes radiation value

s Refers to heat exchanger shell

se Denotes equipment heat storage

sh Refers to heat exchanger tube sheets

t Refers to heat exchanger tubes

tot Denotes total value

w Refers to skin

132 Denotes initial and final value for a
time interval, respectively

(1/2) Denotes value at middle of flight time

3- Derivation of Equations

a. -Eternal Heat Load to the Equipent

The external heat load to the equipment is transferred by
conduction through the skin insulation, and by free convection and radia-
tion inside of the compartment. The rate of heat transfer by conduction
through the insulation is given by

%i - k' (Tw,- Tj) (••

The rate of heat transfer from the insulation to the equipment by radiation

is given by

qr " r (Ti - Te) (VII-2)

where

Ti 4~ Te
Ci CeI

as explained in Section V.
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The rate of heat transfer from the insulation to the equipment by free con-
vection is given by

S- hc (Ti Te) (VII-3)

where

1

and where

(at) 1/)/33" "e- '"( )2/3(Ti" T.)•'

( S- ) Ti4•

The reader is referred to the analysis of Section V for complete details
concerning the equations for conduction, radiation, and free convection.

b. Heat Transfer Between the Equipment and the Primary Coolant

Heat exchange between the equipment and the air-to-liquid
heat exchanger is most conveniently considered in terms of the heat ex-
changer effectiveness, and the equivalent heat exchanger effectiveness of
the equipment. The definition of heat exchanger effectiveness used for
this purpose is the ratio of actual temperature rise of the secondary
coolant in the equipment to the greatest possible temperature rise of that
fluid when exposed to the equipment surface temperature. According to tis
definition, the effectiveness for the equipment can be written,

(Tao - Tad)
0 (Te - Tai)

where Tai and Tao are the air temperatures on entering and leaving the
equipment, respectively. Similarly, the effectiveness for the heat ex-
changer can be written,

(Tao - TaL)
(Tao - Tf)

Equations (vII-4) and (VII-5) can be combined and rearranged to give

Ce (Te - Tf) + (Tao - Tai)

(Te"TaTH +Tai)
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By a heat balance equation

qf - Wa cp (Tao - Tai)

or

qf - Wa cp Ce (Te - Tai)

Combining the last three equations to eliminate Tao and Tai, and rear-
ranging gives

*f (Wa cp)(Te - Tf) (VII-6)
H' +Te

Bquation (vii-6) shows that the heat transfer rate between the equipment
and the primary coolant is directly proportional to the over-Oal tempera-
ture potential, the thermal capacity rate of the secondary coolant, a-d a
function of the effectiveness values for the heat exchanger and the equip-
ment. As explained earlier, the effectiveness of the equipment is taken
as constant.

c. Effectiveness of the Heat Exchanger

An expression for the effectiveness of a straight-tube heat
exchanger can be derived from the definition of effectiveness and a heat
balance equation. For air flowing through n tubes and exchanging heat with
the tube surfaces, the heat balance is,

('Qa-Ya CP )dTa -(ha (To - Ta)n7nD] dx

By rearranging, this becomes

dTa ba hnAD )d

and may be integrated for constant T. and Qe, and for a suitable constant
mean value of heat transfer coefficient ha and air properties. The result
is

Using the definition of oa, and observing that by previous definition Tw I
Tf, Tal - Tao, and Tax - Taij equlation (VII-7) becomes
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This is solved for the effectiveness to give

/(hanrnx \

CrH = -(e) (vlx4)

Equation (VII-9) is for a straight-tube type exchanger with air flow
through the tubes. It is easily shovrn that for aW• type of beat exchanger

core,

aHa1 -l(e) (Qayp vil-lo)

where A is the heat.transfer area per unit length parallel to the flow and
per unit frontal area normal to the flow, and where n is the number of such
frontal area units.

The heat transfer coefficients ha used in equations (VII-9) and
(VII-IO) are for forced convection through the heat exchanger core. For a
straight tube, Reference (VII-l) gives an expression suitable for cooling
of air as,

ha a 0.0265 5 7 ) (A=) (vII-u)

which is appropriate for use in equation (VII-9). For use in equation
(VII-1O), a value of ha appropriate to the particular heat exchanger core
must be selected. Reference (VII-2) gives graphical data on heat transfer
coefficients for a large number of heat exchanger cores.

d. Power Requirements of the Closed Air Circuit

As assumed earlier, the pressure drop of all parts of the
system other than the heat exchanger is neglected. By use of the Darcy
equation (Ref. VII-3), the pressure drop for a straight tube is given by

P = Ya ( )2(1-5 + f)
iF T

where the term 1.5 allows for entrance and exit losses to the heat ex-
changer. The power requirement is the product of this pressure drop times
the total volume flow rate of circulated air. Converting from mechanical
units to thermal units, and allowing for a 25 percent over-all fan and motor
efficiency, the total heat load imposed by operation of the air circulation
system is

tVa2

77 ()(Qa Y a)( 1(.5 +)
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Sqp (QaYa Va 2 ) () (VII-32)

Equation (VII-12) is for a system using a straight tube heat exchanger core,
with air flow through the tubes. It is similarly shown that for aror type
heat exchanger core

qp -Ya 2 )(K3 - (VII-.l3)

where Ac is the free area available to flow per unit frontal area of the
core, and rh is the hydraulic radius of the core defined as

Ac xrh = r- (TI-14)

The term K of equation (VII-13) allows for entrance and exit losses to the
heat exchanger.

The friction factor f of equations (VII-12, and -13) is a function of
the Reynolds number. For turbulent flow in a smooth tube, f is obtained
using equation (VII-23), p. VII-27, where

Re a VDS. -- (vxI-15)
A

or it may be obtained from plots of f versus Re, such as Figure VII-10.
Reference VII-2 gives values of f plotted versus Re for a large number of
other heat exchanger cores. The Reynolds number as defined for any core is

Re - a V (VI-16)
,AL

Caution should be exercised in the use of friction factors. Those given in
Reference VII-2 are Fanning friction factors rather than Darcy friction
factors. Values taken from this reference should therefore be multiplied
by four for use in equatio n (VII-13).

e. Heat Balance for the Compartment

A heat balance may be written for the compartment, wherein
the sum of all heat loads minus the cooling effect is set equal to the rate
of heat stored in the equipment. This is given by the equation

qse 0 qo + qP + qg - qf (VII-17)

The rate of heat storage in the equipment is given by,
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q ~ ~ •Te) VI-8
se - me ce (ITe) (VII-18)

where the thermal capacity product mece is expressed on a unit skin area
basis (for skin area associated with the compartment), as are all the
other heat rate quantities of equation (VII-17).

The equations here derived are sufficient to describe completely the
heat exchange processes and temperature rise of equipment in a cooled
compartment.

4. Procedure for Calculating Equipment Temperature Rise with Time

a. General Method

Because of the large number of heat loads in the compartment
studied in this Section, it is convenient to divide the calculation pro-
cedure into two parts. The first part is concerned with calculating the
external heat load qo over a range of temperature values for the equipment.
Results of this calculation are then prepared as a plot of qo versus Te
and used for the second part of the calculation. The calculation of ex-
ternal heat loads is covered extensively in Section V and is therefore not
given here. A description is given here of the second part of the calcu-
lation, which is concerned with calculating the equipmaent temperature rise
with time. A detailed calculation procedure and a sample calculation are
given in the Appendix to this Section.

A stepwise calculation procedure is required, since the expression
for heat exchanger effectiveness, equation(VII-9) is derived assuming
constant values of heat transfer coefficient and air properties. This
assumption is reasonable only for small temperature ranges. The stepwise
calculation can be made using the initial temperature conditions of a time
interval for calculating temperature rise, in which case the interval cal-
culation is direct. If average interval temperatures are used, the calcu-
lation is more accurate for intervals of given size, but the procedure in-
volves trial and error. The second method is described here, since it is
more generally valid. The procedure described is for the use of the
straight-tube type of heat exchanger core.

b. Procedure

To begin calculation, a number of compartment and equipment
characteristics must be known, in addition to those required to calculate
the external heat load. To describe heat exchanger performance, Qa, x, S ,
Vas D, and n must be known, and a temperature-time plot for the coolant or
fuel must be available. This procedure assumes the use of JP-3 fuel as a
liquid -oolant, and fuel. Temperature-time plots are taken from Appendix
III. The equipment must be described in terms of ae, qg, and mece.
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Calculation of an interval begins by assuming a value of Te2 corre-
sponding to a selected time interval Ar. The value of Tfm is then obtained
from the fuel temperatare plot at the middle of •, and the value of Tern
is calculated as

T a(Tel + Te2)
Tem 22

By a combination of equations (VII-4, -6) and the equation,

qf - Wa Cp (Tao - Tai),

the equation

(Tem - Tfm)

c' e

is obta,.-ed. This is used to calculate Tai as based on aH from the previous
interval. Equations (VII-4 and -5) are next combined to give

Tao 0 (Tern- Tai) (-!) + Tfm
CH

which is used to caic' late Tao as based on aH from the previous interval.
Then Tam is calculatec. as

Tao + Tai
Tam 2

and values of -a and cp are t,)und for aIr at Tam.

Equation (VII-6) is used to -alcuIz-te q?, using the relationship

Wacp - Qa'y&cp

and using temperatwes at their mean values (subscript n).

The heat transfer coefficient ha is evaluated at Tam next. This is
conveniently done using Figure VII-8, where ha is given as

ha H x lO ( S Va)0-8

based on equation (V!3-il)3 The value of H is rad froa the Figure at Tam
and then used in the above equation to ',alcula+ ha-

The va7.ue of ci is then calcula ed from equation (VII-9), and equation
(VITe6) -s agai.n uztv to calcKlate qf. The most recently calculated value
of g for the interil shou3A agree within one percent of the value obtained
eaaiLler. Otherwise, the caWculation is repeated, using the calculated value
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of 0 H in preference to the value from the previous interval.

When qf -is sufficiently accurate, the power requirement may be calcu-
lated. The Reynolds number is evaluated using equation (VII--J8 and taking
fluid properties at T . If the compartment is at other than standard at-
mospheric pressure, tie value of-/a mrst be adjusted accordingly, since it
is directly proportional to. pressure for a perfect gas. The value of f is
then obtained from equation (VII-23), p. VII-27, corresponding to Re, or
from a plot, such as Figure VII-ll, and qp is calculated with equation
(VII-12).

Equation (VII-17) is used to calculate qse, and equation (VII-18) is
used to calculate ATe* Te2 is then given by

Te2 - Tel + ATe

T as calculated with the above equation should agree closely with the
ue assumed at the beginning of the interval calculation. It is not

difficult to obtain agreement between the assumed and calculated A Te of
one or two percent.

On completion of the interval calculation, the value of Te2 obtained
is used as the value of Tel for the next interval, and the entire process
is repeated. The procedure required to establish the initial value of aH
for use in the first interval is indicated in the Appendix of this Section.

c. Selection of the Time Interval

The size of time interval to use varies depending on the
amount of curvature in the plot of T versus r. A large time interval
should not be used where the slope o; this plot is changing rapidly. It
is recommended that occasional checks be made to determine whether the
size of time interval being used is small enough. This is readily done
by dividing an interval in two, and recalculating with the two half-size
intervals to determine if substantially the same end temperature is
achieved. If not, the interval being used is too large. It is then neces-
sary to determine by trial the size of the largest accurate interval.

EFFECTS OF COMPARTEMEN, UIPMENT, AND HEAT EXCHANGER CHARACTERISTICS ON
EQUIMENT TEMPERATURE RISE

1. General Performance. Coolant Temperature

Typical equipment temperature curves for equipments located in a
compartment with an air-to-fuel heat exchanger are shown in Figure VII-2.
Fuel JP-3 is used as the liquid coolant, and the plots of fuel temperature
are taken from Figure AIII-9. The characteristics of the compartment, the
equipment, and the heat exchanger are given in the figure. The two cases
plotted are for identical conditions, except that a different coolant tern-
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Figure VII-2

Typical Performance, Temperature Rise of Equipment in a

CoUpartient Cooled by an Air-to4Fuel Heat Exchanger.
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perature schedule is used. The line labeled as "adiabatic Te" represents
the temperature plot for the same heat generating equipment, but without any
heat exchange, neither heating nor cooling. Physically, it represents equip-
ment which is perfectly insulated from its surroundings.

The two plots of Te in Figure VII-2 show that after an initial period
of rapid temperature rise, the equipment temperature plot runs approximately
parallel to the fuel coolant temperature plot, or ( ATd/ar) z ( 8T / &r).
The initial rate of temperatare rise is greater than for the perfectly in-
suJlated equipment because in the arrangement analyzed, external heat loads
are directly applied to the equipment. Since equipment and fuel temperatures
are initially equal, the equipment must first achieve a temperature suf-
ficiently higher than the fuel to provide the necessary potential to transfer
a portion of the various heat loads to the primary coolant. In order to do
this, it is necessary for the equipment to store some of the heat it re-
ceives, or generates. Later, as (Te-Tf) becomes large enough, the cooling
action of the heat exchanger predominates and the difference between the
equipment temperature and its adiabatic value becomes progressively greater.
For the cases shown, the use of cooling appears to be desirable only for
flight times longer than 30 minutes since only thereafter the equipment
would be cooler than if it were perfectly insulated.

It is shown in Section V, that for a constant skin temperature, higher
external heat loads occur at lower equipment temperatures. Therefore, in
the case of lower equipment temperature (Uit m 1.0) a greater temperature
potential (Te - Tf) is maintained than in the case where Uit - 5.0. Another
reason for this greater value of (Te - Tf) is that in the case of more

slowly rising temperatures less heat is stored in the equipment per unit
time, requiring that more of the heat be transferred to the fuel. It is
apparent from Figgre VII-2 that the parallel relationship between the
equipment temperatures and the fuel temperatures does not hold where the
(ATf/AT) is changing rapidly, as occurs at rT - 100 min and beyond. Under
these circumstances the equipment thermal capacity provides an inertia ef-
fect, tending to prevent comparatively sudden changes of (ATW Atv).

Equipment with different thermal capacity than the cases shown would
behave in a similar fashion. For smaller equipment thermal capacity, the
initial equipment temperature rise would be more rapid, since the heat
load conditions would be the same, but the equipment is able to store less
heat per unit temperature rise. In the region where ( aTd ) _
(c Tf/ &cr), the equipment would maintain a greater temperature potential
(Te - Tf), since a greater portion of the heat loads would have to be trans-
ferred to the fuel because of the reduction in qse due to lower thermal
capacity. Cases with greater equipment thermal capacity would behave in
the reverse manner.

2. Heat Exchanger Effectiveness

The effect of heat exchanger effectiveness in terms of tube
length on the equipment temperature rise is shown in Figure VII-3. Charac-
teristics of the compartment., the equipment. and the heat exchanger are
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given in the figure. Fuel is used as the primary coolant, with the fuel
temperature plot taken from Figure AIII-9. All the cases plotted in Figure

VII-3 are identical, except that the length of the tubes in the heat ex-
changer is varied. The plot labeled 'adiabatic Te", as before, represents
the temperature of perfectly insulated equipment. The plot labeled "no heat
exchanger' is the result of a calculation based on the methods of Section V.
It represents the same equipment and the same compartment, except that there
is no heat exchanger and no forced air circulating system.

It is immediately seen from Figure VII-3 that the longer the heat ex-
changer tubes, the greater the cooling effect. This results from the de-
pendence of heat exchanger effectiveness on tube length. Equation (VII-9)
indicates clearly that the heat exchanger effectiveness aH increases with
tube length. The significance of this to the plots of Figure VII-3 can be
seen from equation (VII-6), where increased ca indicates that a smaller
value of (Te-Tf) is required per unit of heat transfer rate qf. Therefore,
for 4)l other factors constant, as the effectiveness of the heat exchanger
is increased, the equipment is brought closer to the primary coolant tem-
perature. The improvement in performance is paid for in terms of the
longer tubes, which weigh more, have greater pressure drop, and occupy more
space. Due to changes in temperature, the power requirements for circu-
lating the air vary from the beginning to the end of a flight. For th4 be-
ginning of flight, however, the value of q ranges from270.5 Btu/br-ft for
the shortest tube length of 0.309 ft to 128.1 Btu/hr-ft 2 for the greatest
tube length of 1.106 ft. It is therefore clear that the use of a more ef-
fective heat exchanger imposes greater power requirements for its operation,
as well as the greater space and weight requirements. Values of aH are not
given in Figure VII-3, since they vary with temperature. As based on equa-
tion (VII-9) for the beginning of flight, however, the range represented is
from aH - 0.327 for x = 0.309 ft to cH - 0.751 for x - 1.106 ft.

In Figure VII-3, the variations of heat exchanger effectiveness and
power requirements with time are shown for one of the tube lengths. Al-
though the value of aH is principally dependent on the tube length, it in-
creases somewhat for constant volume flow because of the reduction of air
density and changes of other physical properties with increased air tem-
perature. The circulating power requirement decreases because of the re-
duced air density.

Equation (VII-6) shows that the equipment effectiveness ae has the
same influence on performance as aH" This points to the desirability of
arranging the equ4ment to act as an effective heat exchange device wherever
possible. One method of doing this would be to arrange the equipment com-
ponents so they receive the cooling air from the heat exchanger in series,
giving a greater length effect to the equipment. This would have a disad-
vantage, however, in that the equipment components which received the air
last would operate at higher temperature for a given heat dissipation than
the others. The value of Te used in this analysis might therefore represent
a great range of temperatures, with actual values at extremes considerably
above and below the average value as indicated by Te*
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3. Heat Load

The effects of generated heat load on the equipment temperature
rise are shown for three lengths of heat exchanger tube for each heat gen-
eration rate in Figure VII-4. The characteristics of the compartment, the
equipment, and the heat exchanger are given in the figure. The heat ex-
changers of the same tube length have the same effectiveness, or aH value
for given temperature comiitonsa, since the air flow rates are directly pro-
portional to the number of heat exchanger tubes. The number of heat ex-
changer tubes is proportioned approximately to the total heat load on the
equipment for the two cases of different heat generation.

It is interesting to note that the cases with lower heat generation
are held to smaller values of (Te-Tf), in spite of the fact that the heat
exchangers are proportioned in size to the total heat load. The reason
for this can be found by examination of the heat balance, equation (VII-17).
By rearranging this equation it can be shown that the cooling effect qf is
equal to the sum of the external, generated, and motor heat loads minus the
heat storage rate qe. In designing the heat exchangers for the cases in
Figure VII-4 this heat storage rate was not subtracted from the sum of the
heat loads. Therefore the cases with a smaller heat generation rate have
a larger cooling capacity as compared to that needed under given tempera-
ture conditions, and so operate with a snaller value of the temperature
difference (Te-Tf).

An important conclusion can be drawn from the foregoing. In order to
design a heat exchanger to provide a specified equipment temperature rise,
the capacity of the heat exchanger must be proportioned to the quantity

(% + qp + qg) - qe

where the heat stored due to thermal capacity is subtracted from the total
heat load. This procedure is followed in the design method given later.
The value of q., to be used for this purpose can be calculated, since it
was noted earlier that (A T/ AT) : ( & Tf/ 6'r) permitting the use of equa-
tion (VII-18) for the calculation, The importance of allowing for the heat
storage rate in a transient heat exchanger design is illustrated by the
following example. In Figure VII-3 it is seen that for a heat exchanger
with x a 0.309 ft the equipment reaches Te - 815°R at r' - 100 min. If a
heat exchanger is designed for the heat loads corresponding to this equip-
ment temperature and the fuel temperature at r' = 100 min, but, neglecting
the value of q.e, the tube length is found to be x = 0.723 ft. All of the
other factors, such as air flow rate, are the same as in Figure VII-3.
This steady-state design procedure is thus seen to indicate a heat ex-
changer over twice as big as that actually required to achieve the design
equipment temperature. Furthermore, by interpolation in Figure VII-3, it
is found that a heat exchanger with x = 0.725 ft would overcool by more
than 50°F assuming that Te a 815OR were desired as the equipment temperature.

A design procedure is given later which uses the principles found in
this calculation study to design heat exchangers for desired transient per-
formance characteristics.
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SIMPLIFIED ANALYSIS

In Section V2 it is shown that the external heat loads on the equip-
ment due to radiation and free convection can be closely approximated with
a linear function of Te. This simplification can be used to develop an ap-
proximate expression for the temperature rise of equipment in a compartment
with a heat exchanger.

The external heat load is written,

qo a a - b Te (VII-19)

which is a different form than that used in Section V.

By combination of equations (V-6, -17, -18, and -19), and by changing
to differential form,

a'bTe + qg + qp a e e +(,•I +. a _l (Te Tdf

FH cre

where a, b, qg, mece, Qa, and ae are constants. From Figure VII-4 it ap-
pears that cH is substantially constant if the temperature range is not too
great. The product Y c is also fairly constant for small temperature
ranges (lacp - 0.012 at800R, YaC: - 0.099 at 10000R). Figure VII-3 shows
some variation of qp, but its magnitude is small compared to the other
terms, and it is therefore considered constant. The equation is next re-
stricted to regions of time short enough that the variation of fuel tem-
perature with time can be expressed as a linear function of time, i.e..,

Tf a c + di (VII-20)

Then making the substitution

Qa 7 a Cp

aTH ge

the equation becomes

dT[ + +b T e a + + + Rd r

1% Ce me M Ce

Substituting again, let

B M+b

Me2 Ce
me cea +q2s + 22 + MC

Me Ce
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DeCe

Then

+ B + eB - C + Gr (VII-21)

Equation (VIi-21) is a linear differential equation, which is readily
solved (Ref. V1-1-4) to give

S G G E

where E is the arbitrary constant of integration. Using the boundary con-

dition that T. - Tel when r - 0 to evaluate E gives

C G

T C G G T + (vII-22)
e eB,-

When the constant terms of equation (VII-22) are evaluated for any
particular case, the equation can be used to obtain a direct solution for
Te corresponding to any time r. Values of terms such as aH and q can be
evaluated with equations (VII-9 and -12) respectively, using an e~timated
average temperature of the air for the fluid properties.

It is interesting to note that for large values of r equation (VII-22)
becomes

T C 0 G
Te ' + W r-B2

which is a straight line function of r. The slope of the line is

G Md

B M M+b

Since b is quite small compared to M., this becomes

Ga d

This shows that as T increases the plot of Te versus T approaches the
slope of Tf versus r, since d is the slope in equation (VIi-20). This is
an analytical confirmation of the plot characteristics noted in Figures
VII-2, -3, and -L4.
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DESIGN OF HEUT EXCHANGER AND INSUIATION FOR COOLED !QUIMT

1. Design Example

A design procedure and a design example are given here for the
selection of a heat exchanger system and insulation for a compartment.
Using this procedure, it is possible to select the optimum combination of
heat exchanger and insulation, corresponding to either minimum space re-
quirements or minimum weight requirements. After such an optimum design
has been achieved, it can be compared to any other compartment systems witch
are capable of giving the same temperature-time performance of the equip-
ment. By means of such a comparison, the system best suited to all the
requirements of the cooling problem may be selected. Section II describes
the general procedure for selection of systems.

It is noted earlier in this Section that the plot of Ta versus r tends
to ran parallel to the plot of Tf versus r after an initial period of rapid
temperature rise of the equipmen This fact is of use in the design pro-
cedure given here, since it makes possible the selection of appropriate
temperatures for designing the heat exchanger. As an example, a design is
given to meet the following specifications:

initial equipment temperature a 460°R

maximum permissible equipment temperature - 7570R

flight time required a 100 min

skin temperature n 1355OR

compartment air pressure S u 1.0

equipment thermal capacity mece - 2.0 Btu/OR-ft 2

heat generation qg - 150 watts/ft 2  - 511 Btu/br-ft 2

ratio of free convection to radiation heat transfer area R w 4

fuel temperatures from Figure AIII-9 where Uit a 5.0 Btu/hr-ft 2 -OR

From Figure AIII-9 it is seen that the fuel temperature plot is reason-
ably straight. The plot of Te versus -T will therefore have about the same
slope during the last part of the design time span. The temperature poten-
tial between the equipment and the fuel at the end of flight is (Te-Tf)d -
(757-632) - 125°R. Assuming the system will hold an approximately constant
value of (Te-Tf) during the last half of the flight time, an average equip-
ment temperature for this period is

Tf 5 0 + Tflo0Te 125 +
2

or T - 125+ 537 709.50R
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The average fuel temperature for the same period is

Tf - 632 + 537 584.5°RO

The heat exchanger and insulation system can be designed for these
temperatures, since they represent average temperature conditions that mnist
be achieved in the final design.

Since the external heat load is one of the quantities involved in a
heat exchanger design, it is determined next. As yet the amount of insula-
tion to be used is unknown. It is therefore necessary to assume a range of
insulating effects, and determine the external heat load corresponding to
each of them. The external heat load is conveniently determined by the
methods described in the design example of Section V. Making calculations
of this type for a range of insulating effects, and based on the use of
rock wool insulation, the following data are obtained, assuming Ei u 0.1
and Ce 0.2.

T - 1355 R

Te a 709.5 0R

Tw+Ti kiui --2-k xiý- 71 CI

0.2 1098 0.056o 0.0280 102.5
0.6 1157 0.0592 0.0987 237.5
1.0 1191 0.0612 0.0612 328.0
2.0 1238 0.0639 0.0319 467.0
5.0 1292 0.0668 0.0167 647.5

A heat exchanger for the compartment can now be designed corresponding
to each insulating effect. In order to do this, it is necessary to assume
values for the effectiveness of the heat exchanger and the equipment, and
the ratio of power requirements to heat exchanger capacity. A value of
aH a 0.70 is in keeping with good practice, and a value of oe - 0.50 is as-
sumed. It is also assumed that the ratio of power requirement to heat ex-
changer capacity of (qp/qf) - 0.1 is satisfactory. Then the over-all heat
balance fo the heat exchanger is

o + g + i "= q + e

But since qp a • qf, where a - 0.1, the heat balance can be written,
(%+ g --qe)

where qs ( (Tf1 O - Tf5Q)

ee)~
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Then

q2 x (63-5 - 228 Btu/hr-ft2

Using the assigned values of a and qg

qf " l.3qo+314

The various values of qo are next used to design heat exchangers, using the
procedure given below. This procedure is based on the equation

f o.184 (VII-23)
(Re)o02

for the Darcy friction factor in smooth tubes (Ref. VII-1., p. 121).

Given Data

qo - Btu/hr-ft 2

qf - (1.11 qo, + 314) - Btu/hr-ft 2

aH -

ce -

(qp/qf) - a -

D - ft
Te - OR
Tf - OR

1. Calculate

Te + Tf (Te - Tf) (•H-- a.)Tam - _-iI
2aeaH +-

rH ae

2 .Get 7ac, , k, Pr at T If Y for air is taken
from a figure or table basi on one atmosphere, then -a S •

% lb/ft 3

Cpa Btu/Ib-R
A lb/ft-hr
k n Btu/hr-ft-0 R
Pra

3. Calculate

qf (.Ll)

a n'Ya ep (Te -Tf)
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a . ft 3/bw

4. calcuilate

-. ,

D

6. Ca~lcula.te
3

flu

Va. ft/l-

7. Calculate
D VaTa

Re m

Re -

This value shouldlie inthe range 5000 to 2 xlIfor proper

use of the equation for f used in deriving the procedure.

8. Calculate

X a n ( D •D, la"2)

a a ft

This procedure determines the number of tubes required and their
length. In order to determine the actual size or volume requirements of a

heat exchanger, the tube arrangement must be decided upon. It is assumed
hre that the tubes of 0.20-inch internal diameter are located with a
0.1T-inch equilateral-triangular pitch. The header sheet area for each

tube then is
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0.4 x 0.45 sin 600o 0.1755 in2

The volume requirement of the entire tube bundle in cubic inches, for one
square foot of skin, is then 0.1755 x 12(xn). It is reasonable to assume
that the volume of the heat exchanger is about 130 per cent that of the
tube bundle. This makes allowance for the shell, tube header sheets, and
the like. The actual heat exchanger volume, expressed in cubic inches,
then becomes 1.3 x 0.1755 x 12(Xn) - 2.74 xn.

Using this method of determining the heat exchanger volume, the re-
sults of the heat exchanger designs corresponding to the various insulating
effects are summarized as follows:

z X n (2.74 xn)

102.5 0.807 9.87 21.84
237.5 0.807 13.30 29.40
328.0 0.807 15.69 34.60
467.0 0.807 19.22 42.50
647.5 0.807 23.85 52.70

The last column gives the heat exchanger volume, in cubic inches, for each
square foot of skin surface area associated with the compartment. This
volume can be added to the volume of insulation on one square foot of skin
area, to give the total installation volume of the heat exchanger and in-
sulation. If desired, an additional factor may be applied to the heat ex-
changer volume in order to account for the volume requirements of the motor
and blower.

In order to make a just evaluation of the space requirements, it is
necessary to account for the relative value of the space occupied by the
insulation and that occupied by the heat exchanger. In a cylindrical com-
partment, for instance, the peripheral space where the insulation is lo-
cated may be already obstructed to some extent by structural ribs or mem-
bers, making its use for equipment impractical. Furthermore, the shape of
equipments may be such that space near the compartment walls cannot be used
effectively. Under such circumstances, the use of this space for insulation
would not impose as severe a penalty on the free installation space of the
compartment as the actual volume of the insulation would seem to indicate.
It is therefore advisable to apply a "relative use factor" to the insulation
volume requirements before comparing them with the heat exchanger volume
requirements* The actual relative use factor applying to any specific case
must be determined by the designer. If the designer decides he can use all
of the space near the skin for installation of equipment, the relative use
factor is one, and the insulation volume requirement is taken as 12xj, for
the cubic inches of insulation on each square foot of skin. For most prac-
tical cases the relative use factor is less than one, and the insulation
volume requirement should be taken as 12Fxi. The total volume requirements
of both the insulation and the heat exchanger of the design example and for
a number of relative use factors are given below:
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Total Volume Requirements

Uj (F-O.1) (F-0.2) (F-0.3) (F-0.5)

0.2 70.2 118-3 166.8 263.8
0.6 46.5 63.5 80.6 11-4.7
1.0 45.2 55.8 66.4 87.4
2.0 48.0 53.5 59.o 70.0
5.o 55.6 58.4 61.4 67.1

These results are plotted in Figure VII-5. The abscissa represents Ui, or
the insulating effect. The insulation thickness is inversely proportional
to Ui, as indicated by the relationship Ui a (kj/xi). At a value of Ui -
0.20, corresponding to about 3-3/8 inches of insulation, the heat exchanger
required is small, but the insulation occupies so much space that the total
volume is large, indicating that too much insulation is being used. As the
insulation thickness is reduced, the size of the heat exchanger increases,
but not very rapidly. This gives a point of minimum volume requirements,
with a very slow increase in the direction of less insulation. The minimum
point represents an optimum design condition, and corresponds to greater
insulation thicknesses for smaller values of relative use factor. This in-
dicates that if peripheral space cannot be used for equipment, it is profit-
able to utilize it for thick insulation.

If for the design example it is assumed that the F x 0.12, Figure
VII-5 indicates that thl optimum design would have compartment insulation
with Ui - 1.1 Btu/hr-ft -OR. By plotting the values of qO versus Ui as
determined earlier, it is folnd that at optimum design conditions the value
of qo is about 343 Btu/hr-ft , When this value is used in the heat ex-
changer design procedure, the following values are determined.

S= 895 ft 3/hr
x - M.8M6 ft

n - 16.11

This heat exchanger design is next used together with the compartment con-
ditions given at the beginning of the example to make an evaluation of
equipment temperature rise. The calculation method of the Appendix to this
Section is used for this. The result of this calculation is shown in Fig-
ure VII-6. Whereas the original design specifications required that Te
would not exceed 757OR in 100 minutes of flight time, the actual evaluation
indicates that the temperature at the end of the flight would be 754 0R.
The difference is small and certainly within the accuracy of the analytical
evaluation methods used. It should be pointed out that the determined opti-
mum value of Ui a 1.1 corresponds to insulation properties at the design
temperature conditions. Since the thermal conductivity of rock wool insula-
tion increases with temperature, the value of Ui must be reduced a little in
order to use it in the evaluation procedure of the Appendix. As defined for
that procedure, Ui is assigned a value corresponding to the temperature con-
ditions at the start of the calculation. The adjustment can readily be made
by estimate. For the design example the value was reduced to Ui - 1.0.
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It is conceivable that in some design problems the nature of conditions

would be appreciably different from the design example. For instance, the
allowable difference between the terminal fuel temperature and the terminal
equipment temperature could be so large that even at the end point the rate
of temperature rise of the equipment would be appreciably greater than that
of the fuel. In such a case the design procedure given would not give re-
sults so close to the design specifications on the first try. The procedure
for evaluating the equipment temperature rise can be repeated however,
making small changes in the insulating effect or the heat exchanger to
modify the results in the desired direction.

The example as given thus far has been concerned only with determining
the optimum design from the standpoint of the minimum space requirements of
the heat exchanger and insulation. It is also worthwhile to consider the
design from the standpoint of the total weight requirements. To do this,
it is assumed that thN heat exchanger is made of aluminum alloy having a
density of 0.10 lb/in-', and that the tube wall thickness is 0.05 in. The
weight per tube is then

0- 0 x 9.7 x 0.1 - 0.0382 lb

-The tube bundle weight is then

wt = 0.0382 n'

where n' is the number of tubes required for all the skin area of the com-
pertment. Where the total skin area is Aw., this is given by

nt - naW

It is next assumed that the shell of the heat exchanger is 0.25 in. thick.
Then the shell size is estimated as follows. Each tube in the bundle re-
quires 0.1755 in 2 of sheet area, so the total end area is 0.1755 n'. Then
for a round exchanger

- .1755 n'

or
Ds - v0.2238 n'

The shell weight is therefore given by

ws - DSD x 9,7 x 0.25 x 0.1

or
ws = 0.763 Ds

The tube sheets of the exchanger are evaluated next. Assuming a sheet
thickness of 0.25 in, the net area of the tube sheet for each tube is
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0.1755 - n (0.3)2 - O.lO47 in2

Therefore the weight of the two end sheets is given by

Wsh , 0.1047 n' x 0.25 x 2 x 0.1

or

Wsh - 0.00525 n?

Since the heat exchanger is probably filled with fuel at the end of a
flight, the weight of this fuel must also be considered. The fuel tempera-
ture at the end of the flight is 6320 R, corresponding to a density of 45.9
lb/ft 3 . The weight is therefore

0.1047 n' x 9.7
Wf - 17 x5.b

or
wf - 0.027 n'

To the total of all weights as determined above is added two pounds as an
allowance for fittings, end flanges, and the like. The total weight of the
heat exchanger is then given by

Wtot - wt +ws+wp+wf+ 2

Based on a two-foot diameter centerbody compartment, five feet long,
with skin area only on the cylindrical portion of the surface, the weights
of the heat exchanger designs determined earlier are:

Ui Wtot

o.2 30.2
o.6 38.8
1.0 44.7
2.0 53.3
5.0 64.6

The insulation weight requirements are determined next, assuming that
the rock wool insulation used is of the batt type, having a density of 12
lb/ft 3 . For the insulation thicknesses determined earlier, this gives

Ui Wi

0.2 105.5
0.6 37.2
1.0 23.0
2.0 12.0
5.0 6.3
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where the insulation weights are based on the same centerbody compartment
size as were the heat exchgnger weights. The results of these weight cal-
culations are shown in Figure VII-7. An ptimum design from the standpoint
of weight exists when Ui is 1.8 Btu/hr-fts-0 R as based on the design tem-
perature conditions. However, reducing Ui to 1.1, the point where optimum
space requirements exist, introduces a negligible weight penalty, thus
justifying the design based on optimum space requirements.

In the example given, the weight requirements and the space require-
ments of the blower and its drive motor have been neglected, since they are
small compared to the other factors involved.

2. General Design Procedure for a Heat Exchanger

The preceding design example is based on the case of a tubular-
type air-to-liquid heat exchanger, where the air is forced through the
tubes and the liquid surrounds the tubes. It is possible to give a design
procedure which is more generally applicable, and which is based on graphi-
cal data in the form commonly determined for heat exchanger cores. The
procedure as given here assumes that a plot is available showing both the
Darcy friction factor and the heat transfer coefficient as functions of the
Reynolds number. Reference VII-2 reports data on a large number of heat
exchanger cores in a manner similar to this, except that the Fanning friction
factor is used. The Darcy friction factor is simply four times as great as
the Fanning friction factor.

Assigned Data

flight time, rd - hr
maximum allowable equipment temperature, Ted OR
heat generation rate, qg - Btu/hr-ft

equipment thermal capacity, mece - Btu/OR-ft 2

skin temperature, Tw OR

skin insulation, Ui - Btu/hr-ft 2-oR

compartment air pressure, S -

ratio of free convection to radiation heat transfer area, R -

ratio of blower motor power to heat exchanger capacity, a -

heat exchanger effectiveness, aH -

equipment effectiveness, ae a
time-temperature schedule of the liquid coolant

core hydraulic radius, rh = ft
heat transfer area per unit frontal area and per unit

length, A - ft'

free flow area of core per unit frontal area, A. - ft 2
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1. Get Tfd at the end of flight time
Tfdu- O

2. Get Tf(1/2) at the middle of the flight time

3- Calculate (Tfd - Tf(1/ 2 ))- oT /

4- Calculate q.0 -meCe (Tfd - Tf(l/ 2 ))

-e Btu/b--ft2

5. Calculate

Tem = (Ted - Tfd) + 2 _2

for Ter OR

6. Get qoj using the calculation methods of Section V, and using
the given values of Ui, A p R,9 TV m. Te

7. Calculate (o + qg - qse) -

8. Calculate

(-H-re)

9. Clcuate(2c7Iie)(~ +~ le 1)
9. Calculate

Tem, + T fr OR
2

i0. Calculate

Tem + Tfm (Ted - Tfd) (aH - .e)
Tam - 2 (

oH ce
Tam OR

11. Get -a, cp, a.9 Pr, and k at Tam as from Figure AI-1. (Recall
that -Y - jy for - at one atmosphere pressure as given in the
figure.1

- lb/ft 3

cp M Btu/lb-PR
V lb/ft-hr
Pra
k a Btu/hr-ft-°R
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12. Calculate (qo + qg - qse)

qf - Btu/hr-ft 2

13. Calculate

S° a Ca kTed - fd)

-. ft3/l

14.. Calculate q - a qf
A• p- Btu/ft 2 -hr

15. Calculate
1

hkni - (Qda a Cp) loge -rH )

hAnx-

16. Assume the value of n
nfl

17. Calculate Va
Va 

hC

Va - ft/hr

18. Calculate R aVa h

Re -

19. Get f from the chart of f versus Re for the core being used.

f-w

20. Get ha from the chart of ha versus Re for the core being used.
This may require using Pr., and k as found earlier.

ha - Btu/hr-ft 2 -oR

21. Calculate ha An -

22. Calculate
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z ha Aml

(See step 15.)

x n ft

23. Calculate
fx

where K is an appropriate allowance for entrance and exit losses
in the heat exchanger core.

24. Calculate

n2  - Qa 3  (2 + K)

2g x 778 qp (Ac)2(

n2

n

where the factor 4 allows for an over-all blower-motor efficiency
of 25 percent.

It is now necessary to repeat from step 16 onward until the assumed
and calculated values of n agree., The calculated result may be used as the
assumed value in the next trial, unless computing experience makes it pos-
sible to assume a more accurate value.

APPENDIX TO SECTION VII

1. Calculations for Temperature Rise of Equipment in a Compartment
with an Air-to-Fuel Heat Exchanger

A calculation procedure is given here for the stepwise evaluation
of equipment temperature rise in a compartment cooled by a fuel to air heat
exchanger. The procedure form includes a sample interval calculation. This
sample calculation is based on an earlier calculation of the external heat
load qo, using the method described in the design portion of Section V. Re-
sults of this earlier calculation are used to construct the q0 versus Te
plot given in Figure VII-9.

Given Data

x - 0.825 ft
n - 12

D - 0.0167 ft
Q, - 690 ft 3/hr

Va -

Va U Qa nD - 263,800 ft/br
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c% = 0.5

8 - 1 atmosphere
S3,50 watts/ft 2  = 5U Btu/hr-ft 2

mece . 2 BtWM-Rft 2

Ui 1 Btu/br-ft2 _oR

6 " 0.10, Ee 0.20

Tw 1355OR
Tel -46 0OR
Fuel temperatures from Figure AIII-9 where Uif - 5.0 Btu/hr-ft 2 -%R

1. Select At
AT - 0.0834 hr

2. Assume Te2 and calculate

(Tel + Te2)Tem 2

Te2 - 50 0OR

Tem- h80OR

3. Get Tfm at middle of Ar from Figure AIII-9

Tfm - 4660R

4- Using aH from previous interval, calculate

Tai Tem (Tem - Tfm)

oaH ,ae

Tai - 480- 14 + 1 469"A

5. Using aH from previous interval, calculate

Tao a(Tem - Tai) (e) + Tfm

ao - U1 77'6U + '6 -

6. Calculate (T + Tao)

an 2

Tam 471.8 0 R
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7. Get 7a and cp for air at Tam from Figure AI-1 where )a SY•

* . 0.0848 lb/ft
3

C 0.2392 Btu/lb-0R

8. Calculate

Qa -a cp (Tem - Tfm).qf . 1+1,, ,
0H rae

qf " 4 1 ( 466) 77.2 Btu/hr-ft 2

0.60~ + -0.5 -l

9. Get H at Tam from Figure VII-8.

H a 13.10

10. Calculate ha a Hx lO-4 (Z Va)0" 8

ha - 13.1 x 10-4 x 21700 - 28.4 Btu/hr-ft 2 -°R

U1. Calculate
ha nrDmc 1.052

12. Calculate
halTDfl

H 1- (e) QayaCp

aH 1- 0.348 - 0.652

13. Using result of step 12, calculate

QaYa cP (Tern- Tfm)
1 + I_-_ 1

3H ae

qf 14 x 14 - 77.3 Btu/hr-ft 2

0.652 0.

This result should agree within one percent with the value of
step 8. If not, repeat from step 8 onward using the result of
step 12.

14. Get a from Figure AI-1 at Tam.
Sa *0.0405 lb/ft-hr
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15. Calculate

R -a Va D

Re - 1 x .0848 x 263,800 x .0167 . 9150.04o0 5

16. Get f for Re from Figure VII-I0.

f - 0.0312

17. Calculate

QaYa Va2 (1.5 + ..
1621 x 108

qp - 25 x 3.04 - 76 Btu/hr-ft 2

18. Using qO from external heat load calculation for TeM, calculate

qse a (qo + qp + qg) qf

qse - (454.5 + 76 + 511) - 77.3 - 964.2 Btu/hr-ft 2

19. Calculate

ATe - ( q

ST96 .2
A -e ---2 xO0.0834 m 4i0.I°R

20. Calculate Te2 Tel + aTe

Te2 - 460 + 40.1 - 500.1R

This should agree within 2 or 3°R of the assumed value in step 2. If
not, the interval calculation must be repeated, using the calculated value
as the assumed Te2 of the next trial.

It should be observed that the computer can usually notice the trend
of values of aH after working several intervals. It is therefore possible
to improve the accuracy of steps 4 and 5 by assuming a value of cH in ac-
cordance with this trend, rather than using the value from the previous
interval.

In order to calculate the first time interval, it is necessary to
establish the value of aH corresponding to the initial values of Te and Tf.
This is done by assuming a value of Tam and calculating UH with steps 7, 9,
10, Ui, and 12. Then steps 4, 5, and6 are used to calculate Tam, and the
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process is repeated until assumed and calculated values of Tam agree within
2 or 30 R, at which time cH is substantially correct. The initial values of
Te and Tf are used in this calculation without regard to subscripts as
given in the numbered steps.
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SECTION VIII

TEIZUATURE RISE OF EQUIPMENT MOUNTED ON FUEL-COOLED SURFACES

by T. C. Taylor and Y. H. Sun

One very straightforward method of cooling equipments consists of
mounting them directly to fuel-cooled surfaces. In this way the heat gen-
erated or received by the equipment is provided with a direct path for solid
conduction heat transfer to the fuel coolant. This is the most direct ap-
plication of the coblant that can be achieved short of actually immersing
the equipment in the coolant, and therefore makes it possible to hold the
cooled equipments to a temperature only a little above the available coolant
temperature, In addition to this primary advantage from the standpoint of
cooling performance, this cooling method possesses physical advantages, The
most obvious is that it uses a coolant which is already available on any
aircraft using liquid fuel. In addition. it does not require the use of
secondary coolants or their attendant ductwork and circulating pumps or
blowers. The equipment is therefore unencumbered by enclosures for a sec-
ondary coolant, This is particularly important for mechanical equipments
which act on other fairly distant equipments through moving linkages.

Possible disadvantages of this cooling method are the pressure drop
required to circulate the fuel through the passages which cool the mounting
surface, and the temperature rise resulting from heat addition to the fuel.
The first of these may not be objectionable since cooling plates of high
capacity can often be designed to operate with quite small pressure drop.
The second disadvantage does not apply if fuel is available in sufficient
quantity at temperatures a little below the maximum allowed for proper
functioning of the power plant. Another possible disadvantage is the re-
quirement of this cooling method that the cooled components be designed to
give good heat conduction from all of their parts to the surfaces in con-
tact with the cooling plate, or mounting surface. For mechanical equip-
ments this need present no problem and may not require re-design. For com-
ponents which are assemblies of smaller heat-generating bodies, such as
electronic components, special design is probably required if adequate
cooling is to be achieved by this method. Therefore, this cooling method
may not be suited to existing equipments.

In this Section the two possible types of fuel flowr, laminar and tur-
bulent, are considered in their application to the problem of cooling
equipment mounting surfaces. With a modification in the method of deter-
mining the external heat load to the mounted equipment, fuel-cooled surfaces
can be considered either as a method for cooling individual critical equip-
ment components or as a method for cooling all of the equipment in a com-
partment.

WADC-T 53-114 34
S*C RDENTIAL



SUMMARY

The use of fuel-cooled mounting surfaces for equipment is considered.
It is assumed that the equipment items are attached to the fuel-cooled sur-
face in a manner which gives high thermal conductance between the equipment
and the surface, so that they may be considered to be substantially at the
same temperature. The external heat load to the cooled equipment is assumed
to consist entirely of free convection and radiation from the environment
within the compartment. In addition to the external load the equipment it-
self may generate heat. The fuel-cooled surface is assumed to have internal
passages for flow of the fuel. Two fundamentally different passage types
and flow conditions are considered. In the first, a single, serpentine pas-
sage winds back and forth through the plate, and the fuel flow rate is great
enough to give turbulent flow conditions. In the second, a number of
straight, parallel passages are provided, with the flow rate per passage
small enough to give laminar flow conditions.

Methods are given for calculating the external heat load to equipment
mounted on a fuel-cooled surface in two types of application. In the first,
all of the equipment of the compartment is cooled by this means, and the
external heat load to the equipment can be expressed as a function of the
temperature of the cooled equipment. In the second, only a small portion
of the equipment is cooled by means of the fuel-cooled surface, with the
remaining equipments uncooled. The environmental temperatures of the com-
partment are therefore determined by the uncooled equipment, and the exter-
nal heat load to the cooled equipment is a function of both these tempera-
tu,.'es and that of the cooled equipment itself.

Equations are developed which describe the heat transfer between the
fuel-cooled plate and the fuel in the internal passages of the plate. The
equations are somewhat different in detail for the two types of fuel pas-
sages, because of the fundamentally different flow situations. Only fuel
passages of circular cross-section are considered. Equations are also de-
veloped for calculating the fuel pressure drop requirements of the two
types of cooling plate. The heat transfer and pressure drop equations are
arranged in the form of calculation procedures which can be used to deter-
mine the significant design features required in the fuel passages to meet
an assigned set of operating specifications. The design of the cooling
plate itself depends on knowing the cooling capacity required, the tempera-
ture rise which can be tolerated in the available coolant, the desired
logarithmic mean temperature difference between the coolant and the equip-
ment it cools, the allowable fuel pressure drop, and the general size and
shape of plate required. By a suitable determination of the cooling capacity
for the design, it may apply to transient operation.

A design example is given, in which all of the equipment in a compart-
ment is cooled with a cooling plate, and in which the available coolant
temperature varies with time. It is shown that a design method in which
the heat storage rate (due to thermal capacity of the equipment and the
cooling plate) is subtracted from the total heat load for determining the
required cooling capacity leads to a prediction of transient performance.
A procedure for calculating this transient performance is given.
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Two sets of charts are provided which permit designing either of the
two cooling plate types without recourse to the detailed calculation pro-
cedure. These charts give a graphical solution based on the use of JP-3
fuel as the coolant. In the case of the serpentine-passage plate, the
charts give an approximate design which is conservative in that it provides
a somewhat smaller value of temperature difference between the equipment
and the coolant than that designed for. The conservative feature results
from some analytical simplifications which are required to put the equa-
tions for this case in graphical form. In the case of the parallel-passage
plate, the charts are an exact graphical representation of the heat transfer
equations.

A number of calculations are made with the heat transfer equations to
demonstrate the characteristics of cooling plate designs. Significant
findings are summarized as follows.

1. A serpentine-passage cooling plate of fixed physical dimensions
and operating on a fixed temperature rise of the fuel can provide
various cooling capacities for corresponding fuel flow rates. As
the cooling capacity is increased, however, the logarithmic mean
temperature difference between the plate and the fuel increases,
so that the cooled equipment operates at a higher temperature with
respect to the coolant.

2. For a serpentine-passage plate of fixed cooling capacity and fuel
flow rate, the pressure drop of the fuel and the plate thickness
are conflicting factors, since a reduction of pressure drop cannot
be achieved without increasing the fuel-passage diameter. Further-
more, any reduction of pressure drop requires an increase in the
temperature difference between the equipment and the coolant.

3. A serpentine-passage cooling plate of fixed physical dimensions
and fixed cooling capacity can operate with. various fuel flow rates
and corresponding fuel temperature rises. As the flow rate is de-
creased, however, the pressure drop of the fuel is reduced and the
temperature difference between the plate and the coolant is in-
creased. This temperature difference can be maintained constant
for an increased fuel temperature rise (reduced flow rate) only by
reducing the passage diameter, which gives an increase of fuel
pressure drop.

4. A serpentine-passage cooling plate can be designed for fixed
cooling capacity, fuel flow rate, fuel temperature rise, and tem-
perature difference between the plate and the coolant, with wide
latitude in the fuel pressure drop requirements. However, lower
pressure drop requires an increased number of passage bends and a
larger passage diameter. The latter, in turn, requires a thicker
plate.

5. The heat transfer processes in a parallel-passage cooling plate
are not affected by the fuel-passage diameter so long as the fuel
flow is laminar. Thus passages of very small diameter may be used
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so long as the resulting fuel pressure drop is not objectionable.

6. A parallel-passage cooling plate of fixed fuel temperature rise and
fixed number of fuel passages can provide a range of cooling ca-
pacities for corresponding fuel flow rates. As the cooling ca-
pacity is increased, however, the pressure drop and the temperature
difference between the plate and the coolant increase. The pres-
sure drop and the temperature difference can be held constant if
the number of cooling passages is changed in direct proportion to
a change in cooling capacity.

7. For a given set of design conditions, the parallel-passage cooling
plate requires a rather large number of fuel passages for small
temperature differences between the plate and the coolant. There-
fore where the plate must be maintained at temperatures close to
the coolant, it is advisable to use a serpentine-passage cooling
plate. For example, a particular parallel-passage design for a
temperature difference of 20°F between plate and coolant with a
cooling capacity of 2555 Btu/hr requires over 50 passages. For
the same capacity and a temperature difference of 100F, the passage
number required is 150. The numbers involved are proportionately
greater at higher cooling capacities. Large numbers of passages
such as these would be likely to give manufacturing difficulties.

8. A parallel-passage plate with a fixed number of fuel passages and
a fixed cooling capacity can be used with a range of fuel flow
rates and corresponding values of temperature rise of the fuel.
As the flow rate is reduced, the pressure drop is reduced and the
temperature difference between the plate and the coolant is in-
creased. The temperature difference can be held constant with de-
creasing fuel flow rate only by increasing the number of fuel pas-
sages.

9. Both types of cooling plate are effective cooling methods in that
they supply a cooling effect with an unusually small temperature
potential required between the cooled equipment and the coolant.
For very small temperature potentials, the serpentine-passage
plate is preferred, since the parallel-passage type requires a very
large number of passages. The parallel-passage plate, on the other
hand, possesses an advantage of smaller size when designs of lower
cooling capacity are considered. For example, in one design ex-
ample for a plate of 2555 Btu/hr cooling capacity, a parallel-pas-
sage plate having a total thickness of about 0.1875 in. is satis-
factory, while a serpentine-passage plate for the same job would
be about 0.925 in. thick and weigh correspondingly more. In both
cases the fuel pressure drop is very small, being of the order of
0.2 lb/in2 for the parallel-passage plate and even less for the
other. In general the parallel-passage plate required more pas-
sages and greater thickness for higher cooling capacities, while
the thickness requirements of serpentine-passage plates are re-
duced at higher cooling capacities.
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ANALYSIS

1. Assumptions for Analysis

A typical example of the use of a fuel-cooled surface to cool
equipment located in an aircraft compartment is shown schematically in Fig-
ure VIII-l. The compartment'shown is cylindrical in shape, although the
analysis is suited to any shape of the compartment. In the example of the
figure, all of the equipment items are shown mounted on the cooled surface,
although this need not be the case, since in many applications only a few
critical items may need cooling. The fuel-cooled plate shown is assumed to

,.--SKIN

INSULATION

EQUIPMENT

/-FUEL COOLEDS, _PLATE

FUEL F •UEL
FEIN • •OUT

BULKHEAD

Figure VIII-I. Schematic of Compartment with
Equipment Mounted on a Fuel-Cooled Surface

have internal passages for the fuel, and the passages may either convey the
entire throughput of the fuel line or simply be arranged in a parallel
branch to the fuel line. The selection of flow arrangement depends on the
cooling capacity required by the equipment.

It is assumed that the equipments shown are mounted to the plate in
a manner which gives very good thermal contact. If shock-mounting of the
equipment is required, the entire cooling plate should be shock mounted,
so that the equipments may be directly mounted to the plate. This would
require flexible fuel connections for inlet and outlet. It is also assumed
that the equipment components are designed so as to give good heat con-
duction from all of their parts to their surfaces in contact with the
cooling plate. Components such as electronic assemblies should therefore
be modified in design to give this effect. If not, this cooling method
loses some of its effectiveness due to a temperature potential required to
transfer heat through the parts of the component to the plate. Although
some temperature difference between parts of the component and the plate
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is always required for cooling to occur, the difference can be made neg-
ligibly small by means of proper construction. It is therefore assumed that
the equipment is at substantially the same temperature as the plate. This
temperature is used both in describing heat transfer from the plate to the
fuel in it., and in describing the external, heat load to the equipment.

The external heat load is assumed to consist entirely of free convec.-
tion and radiation. The equipment receives heat from the compartment air
by free-convection., and from the skin insulation by radiation. The sum of
these two is the external heat load. In addition, the equipment may gen-
erate heat.

The assumptions given are sufficient to describe the heat transfer
processes in the compartment from the surface of the cooling plate outward.
In addition to these, certain assumptions are required to analyze the heat
transfer process between the plate and the fuel in its internal passages.
The nature of the analysis for this process differs for the two types of
flow passages considered. Certain other assumptions and system descriptions
are therefore given with the derivation of equations for each case. The
first case considered is that in which the cooling plate is equipped with
a single internal fuel passage which winds back and forth in serpentine
fashion., and in which the fuel flow is turbulent. The second case is that
in -%ich a number of straight-through., parallel passages are used,, with
laminar flow of the fuel in them. The two types of plate can be used to do
the same job in many instances., although they have dimensional and pressure-
drop characteristics which differ.

2.* Nomenclature

Symbol Definition Units

A Area ft 2

at Convection group., defined for equation
(VIII-2)

c Specific heat Btu/lb-Ort

OP Specific heat at constant pressure Btu/lb-.0R

D Diameter ft

£ Friction factor dimensionless

g Gravitational constant - .17x10 8  f/ý

h Heat tranaf an,- coefficient for flow Bt/rf 2 -oRthrough straight tube t/rf

hlAverage heat transfer coefficient Btu/hr-ft2 -%R
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Symbol Definition Units

SK Pressure loss coefficient for bends, defined
by equation (VIII-7) dimensionless

k Thermal conductivity Btu/hr-ft-°R

L Characteristic length for free convection ft

M Weight lb

M' A group used in Figures VIII-10a and -lOb

m Weight on unit skin area basis lb/ft2

N A group used in the transient calculation
procedure, Part 2 of the Appendix to this
Section

n Number of straight runs in serpentine-passage
plate or number of passages in parallel-
passage plate dimensionless

P Pressure lb/ft 2

Pr Prandtl modulus dimensionless

p Pressure lb/in2

Q Flow rate ft 3/hr

q Heat flux Btu/hr-ft 2

q' Heat transfer rate Btu/hr

R Ratio of free convection to radiation sur-
face area dimensionless

Rb Bend radius ft

Re Reynolds modulus dimensionless

r Cooling plate dimension ft

s Cooling plate dimension ft

T Absolute temperature

U Insulation conductance Btu/hr-ft 2 -oR

V Velocity ft/hr

W Weight flow rate lb/hr
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Symbol Definition Units

w Cooling plate dimension ft

x Length ft

SWeight density lb/ft 3

Pressure atmospheres
(dimensionless)

E Emissivity dimensionless

9 Temperature difference OF

A Viscosity lb/ft-hr

STime hr

Time min

A factor for heat transfer coefficients
in curved tubes dimensionless

SUBSCRIPTS

a Denotes air in compartment

b Denotes bend in fuel passage

c Denotes convection value

e Denotes equipment

f Denotes fuel or coolant

fe Denotes entrance temperature of fuel

fo Denotes outlet temperature of fuel

fm Denotes average of inlet and outlet temperatures

g Denotes generated value

i Denotes insulation

it Denotes insulation on fuel tank

im Denotes logarithmic mean value of 0

m Denotes average value
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Subscripts (continued)

* Symbol

o Denotes external value

r Denotes radiation value

s Denotes value at surface of fuel passage

w Denotes skin

1,2 DenQte initial and final values for a time
interval, respectively.

3. Derivation of Equations

a* External Heat Load

The external heat load to equipment mounted on a fuel-cooled
surface must be analyzed in a manner which is appropriate to the applica-
tion. If all of the equipment in a compartment is thus mounted, the tem-
perature of the cooled equipment plays an important part in determining the
environmental temperatures of the compartment. If only a few equipment
components are cooled in this manner, the environmental temperatures are
dominated by the average temperature of the uncooled components. Methods
for calculating the heat load to the cooled equipment in each case are
described here.

When all of the equipment in a compartment is fixed to the fuel cooled
surface, the temperature of all equipments is essentially the same. This
temperature is therefore used in the radiation and free convection heat
transfer equations exactly as they appear in Section V. Corresponding to
each value af equipment temperature there are values of the insulation face
temperature and of the compartment air temperature which must be determined
by a trial and error calculation. As in the analysis of Section VII, it is
most convenient in a calculation of equipment temperature rise to prepare
in advance a plot of values of qo vs. Te as based on the methods of Section
V. W7hen performing this calculation, the surface areas of the cooled plate
which are not covered by equipment must be included in the value of R,
since they are heat-receiving surfaces just as those of the equipment are.
Similarly, the average thermal capacity of the equipment mece is interpreted
to include the thermal capacity of the cooled plate along with that of the
equipment.

When only a few critical equipment components are mounted on a fuel-
cooled surface, the calculation of the external heat load to these cooled
items is somewhat different. It is assumed that the uncooled equipments
in the compartment dominate the heat transfer processes between the skin
and the equipment. It is therefore possible to analyze the heat transfer
from the skin to the uncooled equipments using the methods of Section V.

WADC-TR 53-114 349

- .... ...I~A



~CONFIDENTIAL

By this means the skin insulation temperature and the compartment air tem-
perature can be determined. These are plotted versus time and used to
describe the environmental temperatures for the cooled components.

With these environmental temperatures known, the radiation heat load
to the cooled components is given by

q• - hr Ar (Ti - Te) (VIII-l)

where

Ti 4 T 14,

hr = 1744x10- __ __ _

Ti ' 'Ti " ' Te

It is assumed in using this equation that most of the radiation heat trans-
fer to the cooled equipment comes from the skin insulation, and radiation
between the cooled equipment and the uncooled equipments is neglected. The
value of Ar for use in equation (VIII-l) should be limited to those areas
of the cooled equipment and the cooling plate which "see" the skin insula-
tion, and which are essentially parallel to the insulation. Areas which
are approximately perpendicular to the insulation are not very effective in
radiant heat transfer. Areas of the cooled equipment or plate which have
obstructions between them and the insulation are also prevented from direct
radiation and are rather ineffective. The above statements are given as
general guides for the estimation of Ar.

The compartment air temperature is used in computing the free convec-

tion heat load to the cooled equipment with the equation

- he Ac (Ta - Te) (VIII-2)

where

-a'L1/h4 81/2
S(Ta -

and where the quantity (a'L1/h/ &1/2) is evaluated from Figure AIV-3 at the
film temperature (Ta+Te)/2. The value for Ac in equation (VIII-2) is the
area of the cooled equipment and the cooled plate which is effective in free
convection heat transfer. In general, this consists of the entire surface
of the equipment and plate facing on the compartment air, except for those
areas which are obstructed from free air circulation. Any area which faces
on a gap formed by that area and the surface of another equipment where the
gap is less than 3/8 in. wide may be considered obstructed in this sense.
If the area faces such a narrow gap formed together with the skin insula-
tion, the heat transfer to this surface through the air should be somewhere
between the value for free convection and that for gaseous conduction. The
value for L, the characteristic length for free convection, must be esti-
mated for the shape and size of the cooled equipment and cooling plate corn-
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bination. This subject is discussed in some detail in Section V.

0 b. Heat Transfer to the Fuel in a Plate with a Serpentine
Turbulent-Flow Passage

The general arrangement of passages in a fuel cooled plate
of the serpentine-passage type is shown schematically in Figure VIII-2.
The passage is assumed to be circular in cross-section.

FUEL S

---- ---" - •)

_ _ _ _ __ _

(------_-- FUEL
S~OUT

Figure VIII-2. Schematic of a Fuel-Cooled Plate
with a Serpentine Fuel Passage

It is assumed that the plate itself is of metal and is thick enough
that temperature gradients are negligible, giving a constant-temperature
plate (recall that it was also assumed earlier that a construction is used
-which makes the plate temperature and cooled equipment temperature equal).
Te is therefore taken as the temperature of the plate, and the equation for
heat transfer between the plate and the fuel is

qf - hk Af Gm (VIII-3)

where Af is the entire surface area inside of the serpentine fuel passage,
and hi is a forced convection coefficient appropriate to the flow and tem-
perature conditions of the fuel. For the assumed conditions, the tempera-
ture difference is given by

(Tfo - Tfe)
S-l T- T f (VIII-4)

lg - Te Tfo0
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A suitable value of hf for straight passages is given by Reference (VIll-l)
as

0.8 C 0.4h 0-2 h (viii-5)

Little is known about the effects of passage curvature on heat transfer
coefficients, so that it is necessary to use an approximation to allow for
the effect of the return bends. Jakob (Ref. VIII-2) indicates that the
value of hf for a straight tube should be multiplied by the factor

- l+3.5l4(OD

to obtain the heat transfer coefficient during turbulent flow in a curved
tube. Using equation (VIII-5), it is apparent that the product hjAf of
(VIII-3) is given by

0.023( -) (VD)O'8( -ý4k)09h 4 [ nDx + (1+1.77 D_) (n-l)nirRbJ

if it is assumed that the factor for curved tubes applies only to the
curved portions. Since the effect of a curved section followed by a
straight run is not the same as that of a continuous curved section, this
is only an approximation.

Using the dimensional notation of Figure VIII-2 it is apparent that

Rb - r/2(n-1)

and
x = s - 2 Rb

Substituting this expression for Rb, and combining and rearranging from
equation (VIII-3) onward gives

M (VIII-6)

hf [nnDx + (r) n2D + l.77(n-l)n2 D2 J

By equation (VIII-6) it is possible to calculate the temperature difference
@lm for a cooling plate of given passage dimensions and fuel flow rate,
when producing a cooling effect q1. Because of the relationship for hf,
equation (VIII-6) is accurate for smooth tubes of small diameter only for
values of the Reynolds modulus (-iVD/I ) of about 10,000 and higher. It
can be applied with decreasing accuracy down to Re - 2300.
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c. Pressure Drop of the Fuel in a Serpentine Passage

By application of the Darcy equation for pipe friction pres-
sure losses, and using the method of acc6unting for bend pressure loss
given by Reference (VIII-3), the pressure loss far fuel flow through the
serpentine passage is

AP - Vg)n A ) + (n-) n-)Kb (VIII-7)

where the Darcy friction factor f is a function of the Reynolds number
Re n (')VD/,. ). The value of Kb for bends in passages depends on the char-
acteristic dimensioniless ratio for the bend (Rb/D). Values of Kb are shown
in Figure VIII-12.

d. Heat Transfer to the Fuel in a Plate with Straight, Parallel,
Laninar Flow Passages

The general arrangement of passages in a fuel-cooled plate of
the parallel passage type is shown schematically in Figure VIII-3. The
passages are assumed to be circular in cross-section.

FUEL 7U

IN

FFUEIL__• UT

Figure VIII-3. Schematic of a Fuel-Cooled Plate
with Straight, Parallel Fuel Passages

It is again assumed that the plate is at a constant temperature. The
equation for heat transfer between the plate and the fuel is again given by
equation (VIII-3), except that hj - hf for the straight passages. An ex-
r ession suitable for hf under laminar flow conditions is given by Reference
VIII-l) as
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hf 1.8 (() E) (77)

where the Reynolds modulus (iVD/n ) must be less than 2300 for proper ap-
plication. However, the expression can be used with decreasing accuracy up
to Re • 10,000. The flow velocity for this case is given by

* -. •
V a 4 D

By using this substitution, combining and rearranging equations (VIII-3 and
-8),

qj
Qlm 1.8 k2/ 0;c,13 /1.8c" ) p~/ (n )2/ (VT T-9)

With equation (VIII-9) it is possible to calculate the temperature differ-
ence Qlm for a cooling plate of given passage dimensions and fuel flow rate,
when producing a cooling effect given by q+. It is particularly interesting
to note that the equation does not involve the passage diameter, the only
physical characteristics of the passages of importance being the number of
passages and their length. This makes it possible to assign are convenient
diameter to the passages, permitting wide latitude in the plate thickness
and fuel pressure drop.

e. Pressure Drop of the Fuel in a Straight Passage

The fuel pressure drop may be calculated with the Darcy
equation as before. In this case an allowance of 1.5 velocity heads is
made to account for the loss in pressure due to entering and leaving the
tubes, and flow in the inlet and outlet manifolds.

V2 )[Lx +1.5]

Using the expression for velocity developed earlier, and making use of the
fact that for laminar flow f - (64hA/•YVD) the above equation becomes

APwf 12 f

f, Heat Balance for Equipment on a Fuel-Cooled Plate

The heat balance equation for equipment mounted on a fuel-
cooled surface is similar to that used in Section VII to describe equipment
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cooled by a forced air system. In the case of the cooling plate, however,
there is no power term, since there is no secondary coolant. Another dif-0 ference is that it is now more convenient to write a heat balance equation
which applies -for all of the cooled equipment, rather than basing the equa-
tion on a unit of skin area. The equation is therefore

. - Te

Mece - A-e) (VIII-II)

and simply indicates that all of the heat received or generated by the
equipment is either transferred to the cooling fluid or stored in the ther-
mal capacity of the equipment, causing temperature rise. As indicated
earlier, q6 is assumed to include the external heat loads to any part of the
cooling plate which is not covered by the cooled equipment, and the term Me
includes all of the thermal capacity of both the cooled equipment and the
plate. If qo is calculated instead of q6, as recommended earlier for cases
where all of the equipments in the compartment are cooled, it is necessary
to express the result in terms of qO,, as

q qo A-

The expression used for qk must, of course, correspond to the type of pas-
sages used in the cooling plate.

4. Calculation Procedures for the Steady State Operation of Fuel-
Cooled Mounting Plates

The calculation procedures described here are used in evaluating
the steady-state characteristics of fuel-cooled mounting plates of both the
types described earlier. The calculation procedure required to evaluate
the temperature rise of equipments mounted on fuel-cooled plates in a
typical transient case is given in the Appendix to this Section. The
emphasis is placed on steady-state characteristics in the calculation pro-
cedures given here for two reasons. First, the unique nature of the fuel-
cooled surface makes it necessary to develop an understanding of the effects
of the principal design variables on its steady-state performance and pres-
sure drop characteristics. Second, the transient temperature rise charac-
teristics of equipment cooled by this method are easily predicted, and are
very similar to those noted fo± equipments cooled by the method described
in Section VII.

a. Steady-State Calculation for the Plate with a Serpentine
Passage and Turbulent Flow

The procedure described here is used to calculate the princi-
pal performance characteristic of a fuel-cooled surface for a given set of
plate dimensions and operating conditions. For this purpose, the principal
performance characteristic is defined to be 91m, or the temperature poten-
tial required for a given apparatus to accomplish the cooling job at hand.
A small value of Olm represents a very effective cooling plate, since it
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accomplishes the given heat removal job and at the same time maintains the
equipment at very near the average available coolant temperature. In other
words, the cooling apparatus itself imposes little temperature barrier for
the transfer of heat. A large value of l1m required by another plate which
removes the same amount of heat represents an apparatus which does the job
at hand less efficiently.

In specifying any cooling problem where fuel-cooled plates are to be
used, it is assumed that the tuo principal dimensions of the plate are
known. The rectangular plate must be of such size and shape as to properly
accommodate the equipments to be fastened to it. It is also assumed that
the available coolant 'temperature is known, and that either the amount of
coolant (fuel) that is to be used for this purpose or its maximum allowable
temperature rise is known. Since the cooling effect required consists of
the sum of the external heat loads and the generated heat load (for steady-
state only), the cooling effect, fuel rate, and fuel temperature rise are
related by the equation

q. % Cp (Tfo - Tfe)

where the left-hand member is knovw, and two of the factors of the right-
hand member must be known.

With all of the above characteristics established, it is possible to
proceed with the calculation of @9m after establishing the remaining physi-
cal characteristics n and D. The passage diameter D may have a maximum
limit due to limitations on the over-all thickness of the plate, or other-
wise may be assumed for a first trial. The value of n should be established
so as to give a good distribution of the cooling effect over all the surface
of the plate. For a given cooling capacity, large values of n lead to
large passage diameters, as will be shown later.

The physical properties of the fuel are next evaluated at (Tfe+Tfo)/2,
and a direct application of equation (VIII-6) made to determine Qlm. Equa-
tion (VIII-7) is then applied to calculate the pressure drop. If the value
of Qlm obtained is too large, the calculation may be repeated using a
smaller value of D or a larger value of n, or both, until a satisfactory
design is achieved. Either change leads to a higher pressure drop require-
ment. A detailed procedure and an example calculation for this type cooling
plate are given in the Appendix to this Section.

b. Steady-State Calculation for the Plate with Straight Parallel
Passages and Lam•nar Flow

The general remarks given for calculating Gq- for the ser-
pentine-passage plate apply here as well, except that the passage diameter
is not a significant variable. For a given set of fuel temperature and
flow conditions, and an arbitrarily assigned value of n, Qlm is calculated
directly from equation (VIII-9) by taking (_vo/,.s)O-lhý 1 and evaluating
the fuel properties at (Tfe+Tfo)/2. If Olm is large, ,As should be evalu-
ated at (Tfe+Tfo)/2 + Qjh, and a recalculation made including the proper
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value of /As)0"14 in the equation. The calculation may be done in a

different order by assigning a value of 91 for equation (VIII-9) and cal-

culating the value of n required. This latter method is more appropriate
to design, where a performance in terms of 91m is desired and the physical
characteristics necessary to achieve it are sought.

Although the diameter id not involved in the thermal performance of
this type cooling plate, it must be assigned to determine the pressure drop
for the fuel. If very small diameters are used the plate thickness is
small and space is saved, but large pressure drops may be encountered.
With an assigned diameter, the pressure drop is determined with equation
(vil-lO).

A detailed procedure and example calculation are given in the Appendix
to this Section for determining the number of passages required and the
fuel pressure drop in a parallel-passage plate.

EFFECTS OF FUEL TTEMRATURE RISE, COOLING CAPACITY, AND PASSAGE DESIGN ON

THE SIZE AND PERFORMANCE OF FUEL-COOLED MOUNTING PLATES

1. The Serpentine Passage Plate with Turbulent Flow of the Fuel

a. Effect of Cooling Capacity

The effect of cooling capacity on the design and performance
of a fuel-cooled mounting plate of the serpentine-passage type is shown in
Figure VIII-4. The plate is assumed to have six straight runs to the fuel
passage, and a fuel temperature rise in operation of 200F. The coolant
used is JP-3 fuel at an average temperature of 600R., or Tfe - 59 0 `R,
Tfo - 6100R. The nominal surface area of the plate on one side is 1.5 ft 2 ,
this being the rectangular area enclosed by the centerlines of the passages,
or (rxs) as shown in Figure VIII-2.

It is apparent from Figure VIII-4 that an increase of cooling capacity
for a plate with a given diameter passage requires an increase in tempera-
ture difference between the plate and the coolant. For the constant fuel
temperature rise, an increase of cooling capacity requires a proportionate
increase in the fuel flow rate. The heat transfer coefficient in the pas-
sage only increases as (V)O' , however, so that the cooling capacity does
not keep pace with the fuel rate unless the temperature difference for heat
transfer @im is also increased. The increased fuel flow rate also requires
greater pressure drop, as seen in the figure. If a plate having increased
cooling capacity but no increase of pressure drop is required, it is neces-
sary to increase the passage diameter. This would involve an increase in
thickness and space requirements for the plate. An increase of cooling
capacity with a reduction of pressure drop requires a more rapid increase
of passage diameter with the increased capacity.

For any given cooling capacity, it is possible to vary the passage
diameter (and hence the plate thickness) over a wide range, giving changes
in the temperature difference Qlm and the pressure drop. As the passage4
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Effect of Cooling Capacity on the Design and
Performance of a Serpentine-Passage Cooling Plate
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diameter is increased, Q@r increases, and the pressure drop is reduced.
Higher values of 01m represent a progressively less efficient cooling plate,
since the equipment mounted thereon is farther above the available coolant
temperature. If an increase of pressure drop can be tolerated, the passage
diameter can be reduced to bring the plate temperature close to the coolant
temperature and still retain the same cooling capacity. For a given ca-
pacity plate the pressure drop and space requirements are therefore in con-
flict, since a reduction of either requirement involves an increase in the
other. Furthermore, the pressure drop and temperature potential are in
conflict, since a reduction in either requires an increase of the other.

b. Effect of Fuel Temperature Rise

The effect of fuel temperature rise on the design and per-
formance of a fuel-cooled mounting plate is shown in Figure VIII-5. As be-
fore, the plate is assumed to have a nominal area of 1.5 ft 2 , and use JP-3
fuel as coolant, with an average temperature of 600OR and entrance and exit
temperatures corresponding to the fuel temperature rise assigned. Other
characteristics are indicated in the figure.

For a plate with a fixed-diameter fuel passage, and fixed cooling ca-
pacity, an increase of fuel temperature rise corresponds to a decrease of
fuel velocity and weight flow rate, As expected, the figure shows a cor-
responding increase required in the temperature difference 9lm, and a re-
duction of pressure drop. If the value of Qlm must be held constant, it is
necessary to reduce the passage diameter and suffer increased pressure drop
as ATf is increased.

For a fixed allowable fuel temperature rise, it is noted as before that
space and pressure drop requirements are in conflict, since a reduction of
passage diameter or plate thickness requires an increase of pressure drop.

c. Effect of the Number of Bends in the Passage

The effect of the number of fuel passage bends on the passage
diameter in a serpentine-passage cooling plate is shown in Figure VIII-6.
The design characteristics are given in the figure.

Since n (the number of bends is (n-l)) is varied while the cooling ca-
pacity and other significant factors are held constant, it follows that the
passage diameter increases with increased n. When more bends are used, the
length of the passage is greater, and the heat transfer coefficient must be
reduced. This is accomplished by increasing the passage diameter, which
lowers the heat transfer coefficient rapidly enough to offset the increase
of passage surface area. Figure VIII-6 also shows that the pressure drop
far the fuel is decreased for greater n. Therefore, by using a larger num-
ber of bends and a larger passage diameter the pressure drop requirements
of a plate may be reduced, while keeping all other performance character-
istics the same.0
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2. The Parallel-Passage Plate with Laminar Flow of the Fuel

a. Effect of Cooling Capacity

The effect of cooling capacity on the design and performance
of a fuel-cooled mounting plate of the parallel passage type is shown in
Figure VIII-7. The nominal area of the plate is 1.5 ft 2 , this being the
product of the passage length and the distance between centerlines of the
outermost passages. Other specifications for the plate are given in the
figure. As shown in the analysis of this Section, the thermal performance
of a plate of this type is not affected by the fuel passage diameter, so
that the relationships shown for n, qJ and 91m are valid for any diameter
of the fuel passage which gives laminar flow. The pressure drop depends
on the passage diameter, however, and the values shown are for a value of
D - 0.00521 ft or 1/16 in.

The plot shows that a plate with a fixed number of fuel passages can
give increased cooling capacity only by operating at a higher temperature
above the temperature of the coolant. Since the cases shown are for a con-
stant fuel temperature rise of 20 0 F, an increase of capacity requires an
increase of fuel flow rate, and greater pressure drop. It is significant
.to note that the change in 91m with change of capacity is less for plates
with a large number of passages than for those with fewer fuel passages.

Considerable freedom of design exists for a cooling plate of constant
capacity. The figure shows that the number of passages can be reduced to
comparatively few if large values of Qlm are not objectionable. With fewer
passages the pressure drop increases, but the pressure drop is always quite
small compared to the values found earlier for serpentine-passage plates
with small passages. It should be noted that the parallel passage plate is
rather unsuited to service requiring small values of Qlm, since the number
of passages required becomes quite large. It would therefore seem advisable
to use a serpentine-passage plate where small @9m is required, unless the
cooling capacity is rather low.

b. Effect of Fuel Temperature Rise

The effect of fuel temperature rise on the design and per-
formance of a parallel-passage cooling plate is shown in Figure VIII-8.
Operating and design specifications are given in the figure.

For a plate with a fixed number of passages, an increase of fuel tem-
perature rise results in increased 9ir. Since the cooling capacity is con-
stant, the fuel flcw rate is decreased for increased a Tf, giving a smaller
heat transfer coefficient and therefore increasing the temperature potential
required. The lower fuel flovy rate also leads to a smaller pressure loss
for the fuel. For a fixed temperature rise, the characteristics are the
same as noted in Figure VIII-?.

If a cooling plate which requires a large number of passages is needed,
it may be necessary to place the passages in staggered rows and, therefore,
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use a thicker plate. This complication seems unwarranted, however, in view
of the better suitability of the serpentine-passage plate in the range of
low Q•m. An importpt advantage of the parallel-passage plate over the
serpentine-passage plate is noted from inspecting Figures VIII-h and -7.
For design specifications of 4)la = 20 0 F, s Tf a 20 0F, and qa - 2555 Btu/hr,
the parallel passage plate'requires only 55 passages. If ./16 in. passages
were used, with 1116 in. wall thickness, this would give a total plate
thickness of 0.1875 in. if high structural rigidity is not required.* For
the same specifications a serpentine-passage plate would be about 0.925 in.
thick, and weigh correspondingly more. As designs for higher cooling capac-
ity are considered, the number of passages required for the parallel-passage
plate increases. This in turn may require a thicker plate when it becomes
necessary to use a double or triple row of passages. With the serpentine-
passage plate, on the other hand, the higher cooling capacities require
smaller passages and a thinner plate. Although for the design cited above
the pressure drop is not given in Figure VIII-4, it is seen that for koth
type plates the pressure drop is very small, being at most 0.2 lb/in. If
the cooling capacity is increased with all other specifications unchanged,
the serpentine-passage plate requires higher fuel pressure drop, while that
for the parallel passage plate is constant. Although these factors must be
compromised in a design selection, it appears that the parallel-passage
plate offers a size and weight advantage in the lower cooling capacity range.
The serpentine-passage plate,, however, offers structural simplicity at sac-
rifice in pressure drop in the higher cooling capacity range.

DESIGN OF A FUEL-COOLED MOUNTING PlATE F(E TRANSIENT SERVICE

The analysis to this point has concentrated on the characteristics of
cooling plates of a given cooling capacity for one coolant temperature. In
actual service in a high speed aircraft, it is probable that both the fuel
temperature and the equipment heat loads would vary during flight. It is
therefore desirable to consider the transient performance characteristics
of equipment mounted on fuel-cooled plates so as to develop a method of de-
signing the plates for transient service applications.

It was noted earlier that the heat balance equation for equipment
mounted on a fuel-cooled plate is similar in form to that for equipment
cooled by the system described in Section VII. It can therefore be expected
that a plot of Te vs. T for equipment cooled by a plate would show charac-
teristics which are similar to those found in Section VII. The most im-
portant of these characteristics from the design viewpoint is the nearly
parallel relationship between the plots of T vs. T and Tf vs. o. Assuming
that this characteristic holds, the general lesign procedure for a fuel-
cooled mounting plate is the same as that used for the heat exchanger de-
sign of Section VII. The equations which involve details of the particular
cooling apparatus are, of course, different. An example to illustrate the
transient design technique as applied to cooling plates is given here. It
is assumed that a serpentine-passage plate is used, since it is desired to
hold the equipment very close to the fuel temperature. The first part of
the design consists of finding the cooling capacity required, and the second
consists of finding the design details for the particular cooling plate to
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be used.

1. Design Example

Part A: Determining the Cooling Capacity Required of a Cooling Plate
for Transient Service

It is assumed that it is desired to cool all of the equipment in a
cylindrical aircraft compartment by mounting it on a cooling plate. The
general characteristics of the compartment, the equipment, and the available
coolant are as follows:

skin temperature of compartment Tw = 13550R

skin insulation of rock wool, Ui a 0.60 when Te - 460°R and
T. 1355R

dimensions of compartment, diameter w 2 20 ft., length - 0.866 ft,
skin area - n x 2.0 x 0.866 5.45 ft•

heat generation of equipment q - 5110 Btu/hr

Cooling plate should have a total of 3 ft 2 of mounting surface
(both sides), with a two to one side ratio.

ratio of free convection to radiation surface area of equipment

and cooling plate assembly, R a 4

emissivities, skin insulation ki = 0.10, equipment Ee - 0.20

Thermal capacity of equipment and cooling plate assembly will be
approximately Mlece = 2.0 Btu/oR (assuming the total wei hs about
114 lb and has an average specific heat of 0.1143 Btu/lb- R; very
light equipment).

compartment air pressure 2.5

coolant JP-3 fuel, temperatures taken from Figure AIII-9,
Uit - 5.0 Btu./hr-ft -OR

It is next assumed that it is desired to prevent the equipment from
exceeding Te . 644°R in l00 minutes of flight time. The equipment is
initially at 460°R. Reference to Figure AIII-9 indicates that the entrance
fuel temperature to the plate is 632vR when rt = 100 min, so that the dif-
ference between the equipment and entering fuel temperatures at the end of
flight is 12°F. Since the fuel temperature and equipment temperature main-
tain approximately constant spacing, the value of the slope of the equip-
ment temperature during the last half of the flight is estimated as

e)f (632-537) ( )l4OR/hr
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The heat storage rate in the equipment and plate thermal capacities is
therefore

mee ATe 228 Btu/hr

Next it is necessary to calculate the external heat load to the equipment
and cooling plate assembly. This is conveniently done by the methods of
Section V, after expressing the significant heat transfer characteristics
in this example on a unit skin area basis. In keeping with earlier prac-
tice, the design value of external heat load is calculated for the equip-
ment temperature occurring at the middle of the second half of the flight
span. Since Tfe = 578OR at this time, the equipment temperature would be

Te = Tfe + 120 F - 590 °R

The details of calculating the external heat load based on this temperature
and the assigned characteristics are not given here, Using the methods of
Section V, the value is found as qo w 342 Btu/hr-ft . For the entire com-
partment, this therefore gives

qo - 342 x 5.45 - 1862 Btu/hr

Applying the heat balance of equation (VIII-lu)

q - qo+,-~c ( ATe)q• . q•+ qg' - Mece t•

qf - 1862 + 5110 - 228 a 6744 Btu/1w

This is the cooling capacity for which the cooling plate must be designed.
The temperature difference between the plate and the fuel is assumed to be
substantially the same as that between the equipment and the fuel. Since
the fuel temperatures referred to until this point are entrance tempera-
tures to the plate, Qlm is something less than 120F. As noted in connection
with Figures VIII-7 and -8, this requires the use of a serpentine-passage
plate to avoid the very large number of passages of a parallel-passage plate.

Part B: Design of the Cooling Plate

In addition to the characteristics given above, the following
specifications and design details are assumed for the cooling plate.

Pressure drop of the fuel must be less than 15 lb/in. 2

Temperature rise of fuel ATf = 10F (this will give a maximum
fuel temperature of 632+10 = 642%R or 1820 F at the end of flight

The passage centerlines come to vithin 1/4 in. of the edge of the
plate, thus r - 0.866-0.042 = 0.824 ft and s - 1.732-.0042 -
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1.690 ft. (plate external dimensions are 1.732x0.866 = 1.5 ft 2 )

Design temperature for the fuel Tfe v 5780 R corresponding to Te
590 0R

Design of the plate is now a direct calculation except that n, the number
of straight runs in the passage is unknovn. This is therefore assumed, and
another value used later if the pressure drop is unsatisfactory (recall the
effect of n on pressure drop, as shown in Figure VIII-6).

1. Assume n n - 8

2. Calculate Rb = r/2(n-1) and x - s - 2 Rb

0.824
Rb - 2 x (8-1) 0.0588 ft

x a 1.69 - 2 x 0.0588 = 1.572 ft

3. Calculate Tfm - Tfe + (A6Tf/2) and evaluate -Y s•., k, cp, Pr for
the fuel at Tfm (use Figure AI-2 for JP-3 fuel)

Tfm 578 + (10/2) 583°R

I/ - 47.22 lb/ft 3

A - 1.21 lb/ft-hr

k - 0.0855 Btu/hr-ft-°R

Cp - 0.52 Btu/lb-°R

Pr - 7.32

4. Calculate
qf

Qf- ICp ( ATf)

2.674 . 27.4 ft 3/hr

5. Calculate
Tfo - Tfe

Qjjn Te - f eýloge (Te - Tfe

PIM ~~10 55"
lo;a- (590-57d) "5°-e 590--566
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6. Assume D1 - 0.0268 ft

0 7. Calculate V - (4Qf/nD2 )

V 4 48,500 ft/br

8. Calculate N [nhiDx + ' n2D + l.77(n-l)R2D2]

N a 1.06 + 0.109 + 0.0878 = 1.257

9. Calculate

hf - 0.023 kF (2V2)0. (pr)8 .

- 0.023 (0.0-29) (50, 7 0 0 )0"8( 7 . 3 2 )0.4 - 946 Btu/hr-ft 2 -OR

10. Calculate q -= h N 1im

S- 6640 Btu/hr

If q1 as calculated agrees with the cooling capacity requirement
foung earlier, D is correct, otherwise assume another D and re-
calculate to convergence. If qc as found in step 10 is too large,
assume a larger value of D for the next trial, and conversely.
(In the example calctLlation, the result of q- . 6640 is suffi-
ciently close to the required q* 0 6744 to make recalculation
unnecessary.)

.1. Calculate (Rb/D) and get Kb from Figure VIII-12.

(Rb/D) - 2.195

Kb - 0.22

12. Calculate Re = (YVD/i ) and get f from a chart of friction
factor (Darcy) vs. Re for smooth tubes (such as Figure VII-10).

Re = .50,700

f a 0.0208

(The use of this design procedure should properly be confined to
cases where Re -- 10,000, although it may be applied with de-
creasing accuracy down to Re = 2300.)

13. Calculate

a P (g 2 ) [n (-) + (n-l) (L) (nR) + (n-l)Kb]
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APa 133 x(9.77 + 1.002 + 1.54) - 1640 lb/f t 2

or aP - U.4 lb/in2

If the pressure drop is too great, assume a larger value of n and
repeat the design procedure.

This completes the design of the cooling plate for the example design
problem. It is now possible to make an anaxsis of the transient perform-s

ance to confirm the suitability of the cooling plate design. Such an analy-
sis requires a stepwise calculation process applied for short intervals over
the flight time of interest. The procedure and an example calculation for
one time interval are given in the Appendix to this Section. The results
for such a calculation far the design example above are shown in Figure
VIII-9, where it is seen that the equipment temperature at r' - 100 min is
6420R, compared to the intended value of 6440R. The design for the cooling
plate is therefore satisfactary.

If a parallel-passage plate with laminar flow of the fuel is used, the
determination of the required cooling capacity is the same as in Part I
above. The second part simply requires solving equation (VIII-9) for n,
which is a direct calculation requiring no assumptions.

2. Design Charts for Cooling Plates

After the required cooling capacity of a cooling plate has been
determined, it is convenient to use a chart for the calculations required
in Part B of the design. Charts have been developed for this purpose to de-
sign both serpentine-passage plates and parallel-passage plates. A brief
description of these charts and their use is given here. They are based on
the use of JP-3 fuel as coolant, and cannot be used for other coolants.

a. Charts for the Design of a Serpentine-Passage Plate

In any cooling plate design problem, it is assumed that the
designer knows the plate dimensions r and s (see Figure VIII-2), the cooling
capacity qf, the allowable fuel temperature rise ATf., and the temperature
of the available fuel Tfe. In addition, it is necessary in using charts
that the designer assume a value of Ola which can be regarded as a measure
of the mean temperature difference between the plate (or equipment) and the
coolant. With all of these values established, the charts given here can
be used to determine the passage diameter and the fuel pressure drop for an
assumed value of n (number of straight runs in the serpentine passage). If
the resulting pressure drop is too great, the value of n is increased and
the procedure is repeated until a satisfactory design is achieved.

The design charts for a serpentine-passage plate are based on a some-
what simplified analysis of the heat transfer process between the plate and
the fuel. It is assumed that the passage can be considered straight for
determining the heat transfer coefficient, thus neglecting the factor
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= 1+3.54(D/2Rb). The true length and surface area of the passage is used,
however. Under this assunption, equation (VIII-6) is rewritten as

4 q a [O ' 0 023k(pr)O'4(Re)0" 8) ( nns+r nn ))

All of the variables in this equation are known or can be determined from
the assigned design conditions, except the passage diameter D which is in-
volved in the Reynolds modulus Re. The system of Charts given in Figure
VIII-i0a is used to solve for this diameter. For clarity of description,
the last bracketed term of the equation above is denoted by M'.

The charts are entered in quadrant I by drawing a horizontal line
starting at the value of n on the right-hand scale. The intersections of
this line with the proper line of constant s and the proper line of con-
stant r are found. From these intersections, lines are projected vertically
downvard into quadrant II. The line from the intersection with s is pro-
jected horizontally from its intersection with the diagonal of quadrant II
until it intersects the line projected downward from its original intersec-
tion with r. The intersection of these two lines determines M'. From this
point, a line is projected parallel to the lines of constant M' until it
reaches the left edge of quadrant III. From this point the line is pro-
jected horizontally into quadrant III until it intersects the proper line
of constant ATf, then vertically until it intersects the proper line of
constant 01m. From this point the line is projected horizontally into
quadrant IV until it intersects the proper line of constant qk, and thence
vertically until it intersects the proper line of constant Tfm. Tfm is de-
fined as Tfe + ( &Tf/2), and should be calculated before using the charts.
From the last named intersection the line is projected horizontally to the
right until it intersects the scale of diameters, where the answer is read.
An example of using the charts according to the above description is indi-
cated in Figure VIII-lOa by the dashed lines with arrows.

The charts for calculating the pressure drop in a serpentine passage
are also based on a simplified analysis. If a corntant value of Kb - 0.25
is used, equation (VIII-7) can be written as

P -•--j V[(•) ~ ) + 0.25(n-l)]

This equation is solved using the charts of Figure VIII-lOb. Quadrants V,
VI, and VII are used first to determine the fuel velocity and the Reynolds
modulus. These values are then recorded and used later. Quadrant V is
entered by projecting a line horizontally to the right, starting from the
value of qf on the left-hand scale. This line is continued until it inter-
sects with the proper line of constant aTf. From this intersection, the
line is projected vertically to intersect with the proper line of constant
Tfm, and then projected horizontally into quadrant VI. The scale on the
left of quadrant VI gives the fuel flow rate Qf. This flow rate must be
supplied to the plate to satisfy the design conditions. The line is con-
tinued horizontally into quadrant VI until intersection with the proper line
of constant D. The line is then projected vertically downward from this
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intersection to give the velocity of the fuel on the bottom scale of quad-
rant V. The intersection of this last vertical projection with the proper
line of constant Tfm is next used as a starting point to project horizontally
into quadrant VII until intersecting the line of constant D for the design
case at hand. The value of Re is then given by the scale at the bottom of
quadrant VII directly beneath this last intersection.

With the values of V and Re established, the designer enters quadrant
VIII with the value of M' as found in quadrant II. Quadrants VIII, IX, and
X are then used, in that order, to complete the calculation of the pressure
drop. The intersections are to be made in the order indicated by the exam-
ple shown by the dasheg lines with arrows. The final result is given as
Ap in units of lb/in.

The simplifications used in constructing these charts lead to different
design results than when the original equations are used unaltered. Since
the effect of the bends on increasing the heat transfer coefficient is
neglected, the chart design indicates the need of a smaller passage diameter
than that found by the original equation. The smaller diameter results in
increased fuel velocity, and a higher value of the straight-passage heat
transfer coefficient. It is readily seen that this gives a conservative
effect to the design, since it should give a performance value of GIr which
is less than the design value. As a result of the smaller pas sage diameter,
a cooling plate designed by the chart would require greater fuel pressure
drop than one designed with the procedure given in Part B of the design ex-
ample.

It is emphasized that the charts are for turbulent flow. Thus, Re as
found in quadrant VII should 'be greater than 10,000 for proper use of the
charts, although they may be used with diminishing accuracy down to Re -

2300.

b. Charts for the Design of a Parallel-Passage Plate

For the design .of a parallel-passage cooling plate, the same
quantities must be known as for the serpentine passage plate, except that
the passage diameter D is unimportant to the thermal performance, and the
nunber of passages n is calculated rather than assumed. Only one simplifi-
cation to the heat transfer relationship of equation (VIII-9) is required
for the Ma~llel-passage charts. It is assumed that the quantity
( AA/.AAs) * = 1. This assumption is quite accurate unless very large
values of 01m are used.

Figure VIII-fla is the set of charts required for solving equation
(VIII-9) for n. Quadrant I is entered from the left at the value of cooling
capacity required. A line is then projected successively to intersections
with the appropriate values of ATf, 9ia, x, Tfm, and thence to the result
n. An example is indicated by the dashed-arrow line.

The pressure drop calculation required by equation (VIII-10) is solved
by the charts of Figure VIII-lib, The charts are entered at quadrant III
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by projecting from the cooling capacity scale successively to intersections
with the proper values of A Tf, Tfm and n in quadrant IV. A line is then
projected from the intersection with the line of constant n directly down S
to quadrant V to intersect with the single line plotted there. From this
intersection a line is projected horizontally into quadrant VI to intersect
with the value of D and thence vertically to the value of Tfm. From the
intersection with Tfm, the line is projected horizontally across to quad-
rant VIII, as shown by the dashed-arrow line. The designer then returns to
quadrant IV and locates the intersection of his original vertical projection
with the proper value D. From this point a line is projected horizontally
into quadrant VII to intersect with the line for Tfm, and thence vertically
to intersect with x. From this last point, a line is projected horizontally
to the right edge of the quadrant. A circular arc is then swung, using the
lower right corner of the quadrant as a center, and locating the entry point
on the upper edge of quadrant VIII. A line is next projected vertically
downward from this point to intersect with the line projected horizontal ly
into quadrant VIII earlier. The in ersection of the two determines the
pressure drop of the fuel in lb/in. It should be noted that the fuel flow
rate is also given by the chart at the right of quadrant III, where the
scale is read at the point where the horizontal projection line passes
through it.

This set of charts given in Figures VIII-lla and -llb is for laminar
flow of the fuel. It is recommended that Re - (4Wf/nnDAA) be calculated
after completing the design to determine if Re is properly below 2300. If
not, the chart design may still be used, but with diminishing accuracy, up
to Re - 10,000. In this transition range between laminar and turbulent
flow, a performance value of 91m smaller than the design value may be ex-
pected, and an actual pressure drop greater than the design value is likely.

APPS1DIX TO SECTION VIII

1. Calculation Procedures for the Steady-State Operation of Fuel-

Cooled Mounting Plates

a. The Serpentine-Passage Plate with Turbulent Flow of the Fuel

The calculation procedure and example calculation given below
illustrate the determination of @la and & p for a serpentine-passage plate
of known dimensions and operating conditions. The example uses JP-3 fuel
as the coolant.

Given Data:

plate dimensions (see Figure VIII-2) s a 1.69 ft, r = 0.824 ft

cooling capacity required * - 511o Btu/hr

number of straight runs in the passage n - 6

entrance temperature of fuel Tfe a 590OR
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-04

allowable temperature rise of fuel ATf U 20 0 F, Tfo 610'R

0 diameter of circular fuel passage D = 0.02 ft

Calculate:

Q]im, the logarithmic mean temperature difference between the fuel
and the plate, and the fuel pressure drop.

1. Calculate (Tfe + Tf 0 )/2 and evaluate -Y, p,( , k, and Pr for the
fuel at this temperature (for JP-3 fuel, use Figure AI-2)

- = 46.78 lb/ft 3

Cp = 0.532 Btu/Ib-%R

A 1. 1 lb/ft-hr
k - 0.085 Btu/hr-ft-oR

Pr a 6.88

r2. Calculate Rb 2(n-• ) and x = s - 2Rb

Rb - 0.0824 ft

x a 1.5252 ft

3. Calculate Wf - q
Op (TfoTfe)

f 0.511(20) - 480 lb/hr
4wf

4. Calculate V -

v 326oo ft/hr

5. Calculate

hf -0.O23(. 0*(r)
(o.o85\.

hf = 0.023 .2) (27700)0.8(6.88)0"4 - 758 Btu/hr-ft 2 -°R

6. Calculate

hj½f a hf [nnDx + (r) A + 1.77(n-l)n2D2J

hjAf = 758 (6x3.14xo.02xl.525+ o.(2__.) (3.0141)20.02

+ l.77x5x(3.l4l) 2 (O.02) 2ju 525 Btu/hr-%R
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7. Calculate

19Mh kAf

;Tr. 9.75°F

8. Get f from a chart of friction factors at Re -(1VD/s&) for
smooth tubes (see Figure VII-lO)

Re = 27,700

f = 0.0238

(This procedure is based on turbulent flow conditions in the fuel
and is therefore accurate only if Re = 10,000. It may be used
with decreasing accuracy down to Re - 2300.)

9. Calculate (Rb/D) and get Kb from Figure VIII-12.

(Rb/D) - 4.12
Kb - 0.199

10. Calculate

A = I V2 )n( )+ (n-1) (f) (TRb) + (n-l)Kb]

6-P 59-55 [10.89 + 1.54 + .995) - 801 lb/ft 2

b. The Straight, Parallel Passage Plate with Laminar Flow of
the Fuel

The calculation procedure and example calculation given below
illustrate the determination of the number of passages required and the
pressure drop for a parallel passage plate of known dimensions and operating
conditions. The example uses JP-3 fuel as the coolant.

Given Data:

plate dimensions, length x - 1.69 ft and width w - 0.824 ft

passage length x - 1.69 ft

cooling capacity required q} - 5110 Btu/hr

entrance temperature of fuel Tfe = 590°R

allowable temperature rise of fuel ATf - 20 0 F, Tfo - 610°R
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logarithmic mean temperature difference between the fuel and the
plate QIm = 30°F

Calculatet

n., the number of passages required, and the pressure drop,
assuming D = O.00521.ft

1. Calculate (Tfe+Tfo)/2 and get -Y. kj P, and c for the fuel at
this temperature (for JP-3 fuel use Figure AI-3)

I - 46 .7 8 lb/ft 3

k a 0.085 Btu/hr-ft--R

A = 1.1 lb/ft-hr

cp - 0.532 Btu/lb-°R

2. Get -AAs at[(Tfe+Tfo)/2ýQlm

s 1.09 lb/ft-hr

3- Calculate Wf (

CP+Tfo~fe

wf . 0.532 x 20 480 Ib/h

4. Calculate

(nnxc) fl8k/ .~1.86(k)2/3 (4Wfc,)1/3 -AA

(n) , 5110, 13/2(1 a tl.6x0.lIsxlo.1x30 320 ft

5. Calculate n - (nmc/nx)

n - 60.2

6. Calculate

APWf 1 8  +l-f

AP a 0.1765 (238 + 30.4) 4 17.5 lb/ft 2

p 0 0.33 lb/in2
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7. Calculate Re -a f

Re - 1770

(Re should be less than 2300 for proper use of this procedure,
since laminar flow of the fuel is assumed. It may be used, how-
ever, with decreasing accuracy up to a value of Re 1,:l0000.)

2. Calculation Procedure for Evaluating the Temperature Rise of
Equipment Mounted on a Fuel-Cooled Plate

The procedure given here is far the calculation of equipment tem-
peratire rise far a single time interval. It is assumed that the equipment
is mounted to a plate having a single, serpentine fuel passage through
which the fuel flow is turbulent. As with the transient analyses of Sec-
tion VII, this procedure assumes that the methods given in Section V have
been used to construct a plot of qo vs. T , which is then used as indicated
below. The list of compartment, equipment, fuel temperature, and cooling
plate characteristics are not given, since they are given for the design
example (pp. VIII-26 to -30 and Figure VIII-9) to which this calculation
applies. The example here is for the time interval beginning at r - 1 hr
and ending at r - 1.0833 hr. Te at the beginning of this time interval is
5660R.

1. Select &, and assume Te2

A&t - 0.0833 hr
Te2 - 573OR

2. Calculate ATe - Te2-Tel and Tern = Tel+( ATW2)

ATe 70R
Tern 5 569.50A

3. Get qo from outside heat load calculation at Tem

qo - 350 Btu/hr-ft 2

4. Calculate qý - qoAw where Aw is total skin area of the com-
partment

q 35ox5.45 - 1908 Btu/hr

5. Calculate qj + q' - ece

a - 6850 Btu/hr

6. Get Tfe at the middle of & from the plot of Tf vs. r. (In this
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example, JP-3 fuel is used, Tf from Figure AIII-9, Uit - 5.0.)

Tfe 0 557%R

7. Assume Tfo, and get Cp and - at (Tfe+Tfo)/2 (for JP-3 use
Figure AI-2)

Tfo = 567°R

Cp - 0.506 Btu/lb-°R

-Y - 47.8 lb/ft 3

8. Calculate Tfo - (qW/cpYQf)+Tfe

Tfo = 567.3°R

If this does not agree with the value assumed in step 7, repeat
7 and 8 to agreement.

9. Get J, k, Pr at the correct value of (Tfe+Tfo)/2

S= 1.38 lb/ft-hr

k a 0.08604 Btu/hr-ft-R

Pr = 8.1

10. Calculate

hf 0.023("VD ) (pr)0.

(from the design calculation V = 48,500 ft/hr, D a 0.0268 ft)

hf = 0.023(3.21)(45,000)0 . 8 (8.1)0"4 - 895 Btu/hr-ft 2 -0CR

11. Calculate N- CnvDx+ () 2 D + 1.77(n-l)n2D2I

N a 1.257

12. Calculate QIm+d = (q4j/hfN)

lm• - 6.080F

13, Calculate

(Tfo - Tfe)

S (Tem fe
og Tem - Tfo 0'

191m 5"93OF
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Repeat interval calculation until steps 12 and 13 agree by as-
suming new values of Te2. If (0im)13 ' (93m)12 Te2 should be
decreased and conversely.

This calculation procedure offers no special difficulty except during
the first few intervals, when Te has not assumed its equilibrium value with
respect to Tf. Very short time intervals should therefore be used at first
in order to insure a smooth plot of the values of Te. The calculation
shown applies only when all of the equipment in the compartment is mounted
on the fuel-cooled surface. If this is not the case, a different method of
describing the external heat load to the equipment must be used, as de-
scribed in the analysis of this Section.

3. References
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SECTION IK

TEMPWATURE RISE OF EQUIP ENT C9i4PONENTS COOLED
BY AN EXPENDABLE EVAPOATIVE COOLANT

By T. *.Taylor and Y. H. Sun

It is possible that in many installations of aircraft equipment only a
few critical items are subject to severe temperature rise limitations. In
these cases it would be wasteful to cool the entire compartnent, since
savings in space and weight can be effected if cooling is applied only to
those items which need it. One method of applying this individualized
cooling effect is to use an evaporative coolant. In this method, a supply
of the coolant is attached in good thermal contact with the equipment to be
cooled. Heat is therefore transferred from the equipment to the coolant
which is boiled off and discharged from the aircraft. By this means the
equipment is maintained at very nearly the temperature of evaporation so
long as the supply of coolant lasts. The equipment must be slightly above
the evaporation temperature to provide temperature potential for transferring
the heat to the coolant. Since the evaporation temperature of any coolant
is a function of the pressure, this cooling method is readily controlled by
using pressure regulators for the coolant container. In addition to its
usefulness as a means of limiting the temperature rise of critical equip-
ments, the evaporative coolant can be used to dispose of one or more severe
generated heat loads, thus reducing the heat load to all of the equipments
in the compartment. The use of evaporative coolant in these applications
derives advantage from the comparatively great heat-absorbing capacity of a
substance as it changes from the liquid to the vapor state. The weight and
space requirements of this type of expendable coolant are therefore low. In
addition, the apparatus required for this cooling method is small, light,
and simple compared to that required by other methods.

Eiethods are developed in this Section to evaluate the temperature rise
of individual equipments or equipment groups which are protected with an
evaporative coolant. A method is also included for evaluating the tempera-
ture rise of an individual equipment component without special protection
and not conforming to the average characteristics for all of the equipment
in the compartment.

SUIAMRY

The application of evaporative coolants to the protection of individual
equipment items is considered. It is assumed that one or more critical items
to be cooled are located in an otherwise uncooled compartment. The uncooled
equipment items are assumed to dominate the heat transfer processes of the
compartment and therefore determine the environment teiaperature-time history,
which in turn determines the external heat load to the cooled items. It is
assumed that the evaporative coolant is placed in good thermal contact with
the item to be cooled, and the temperature difference between the equipment

0
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item and the coolant is therefore neglected. Two methods for controlling
the evaporation temperature of the coolant are analyzed. In the first, the
coolant is vented through a pressure regulator which maintains a constant
pressure in the evaporative coolant container. This gives a constant
evaporation temperature irrespective of the variation of heat loads to the
equipment. In the second control method, the coolant vapor is discharged
to a constant pressure region, but passes through a convergent nozzle which
causes a pressure build-up upstream of the nozzle. This method gives an
increasing evaporation temperature for increasing heat loads to the cooled
equipment. The external heat loads to the cooled equipment are assumed to
consist only of the free convection heat transfer with the compartment air
and radiation heat transfer with the skin insulation. Radiation heat trans-
fer between bodies in the compartment is neglected.

.Equations are given for calculating the external heat loads and for
describing the temperature rise of the cooled equipment during periods when
no coolant is evaporating. Equations are also developed to describe the
coolant evaporatinn rate, and for the second method of control, the equip-
ment temperature rise during periods of coolant evaporation. Calculation
procedures are given which use these equations to calculate the over-all
temperature rise of an equipment protected with evaporative coolant. One
procedure is given for each of the evaporation control schemes. These pro-
cedures use a stepwise calculation method which requires trial and error
calculations of some of the quantities involved. However, the procedures
are not unduly complicated or difficult.

A design procedure and design example are given, showing how to select
the proper amount of coolant to meet a desired temperature-flight plan for
the cooled equipment. Although the design method is based on a number of
approximate assumptions, it is found to give quite accurate results in the
example. The problem of selecting the evaporative coolant for a design is
not considered.

A number of calculations are made to study the temperature rise of
individual equipments, both cooled and uncooled, in a compartment with con-
stant skin temperature. All of these calculations assume water for the
coolant. The salient conclusions reached from studying the results of these
calculations are summarized as follows:

1. There are a variety of conditions which can require special cooling
for some of the equipment items in an otherwise uncooled compart-
ment. The first and most obvious conditi on is when the temperature
of a particular piece of equipment must be restricted to lower
values than that of the average uncooled equipment. Special cool-
ing may also be desired if there is a concentrated source of gen-
erated heat, since the cooling effect can both reduce the local
temperature rise and eliminate this heat source from the over-all
compartment heat load. In addition, equipment wich does not gen-
erate heat and which can tolerate the average equipment tempera-
tures-may require special cooling because of thermal characteris-
tics which are out of line with the average. In one example it was
found that equipment vwhich has an exceptionally high surface emis-
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sivity and a thermal capacity one-half of the average value may be
as much as 70 0 F above the average equipment temperature.

2. WThen an individually cooled equipment is controlled so that its
coolant boils at constant temperature, the plot of equipment tem-
perature vs. time shows three distinct periods. In the first, t he
equipment temperature rises due to storage of heat in the thermal
capacities of the equipment and the liquid coolant. The tempera-
ture rises until the coolant is at the saturation temperature cor-
responding to its pressure. At this temperature, the coolant be-
Zins to boil and maintains the equipment at a constant temperature
as long as the expendable coolant lasts. This constant tempera-
tare effect is based on the assumption of a very large heat trans-
fer coefficient to the boiling liquid and a high conductance for
any heat conduction path between the equipment and the coolant.
These conditions are easily approximated in an actual case. In
the final period after all of the coolant is boiled off, the tem-
perature again rises due to storage of heat in the equipment. An
increase in the amount of coolant provided extends the flight time
below a limiting temperature in two ways. First, the added ther-
mal capacity of the coolant prolongs the initial period of tempera-
ture rise. Second, the added coolant provides more heat absorption
capacity due to boiling, prolonging the period of constant tem-
perature operation. The added flight time resulting from added
coolant is not proportional to the amount of coolant added, how-
ever, since the average external heat load is greater for longer
flight durations. This increase of average external heat load is
due to an increase of environment temperatures with time in an
uncooled conpartment.

3. The effect of raising the evaporation temperature when using a
coolant evaporating at constant temperature is to prolong the time
before the coolant is all boiled off. This effect is due princi-
pally to two conditions. First, added use is made of the equip-
ment and liquid thermal capacities by storing heat in them over a
longer initial period of temperature rise. Second, constant tem-
perature operation at higher temperatures involves smaller exter-
nal heat loads to the coolant. This second effect is at least
partially offset by a decrease in the latent heat of vaporization
for the coolant as the temperature is increased. The combination
of these effects indicates that for most efficient use of a given
amount of coolant, the evaporation temperature should be chosen as
high as possible consistent with reliable operation of the equip-

•ment.

4- 7.hen a convergent nozzle of small enough size is used to control
the discharge of the coolant vapor, the coolant and equipment tem-
peratures rise during the evaporation period. The temperature rise
is initially rapid whie building! up sufficient pressure to dis-
charge enough coolant vapor to dissipate the heat loads. There-
after the temperature rise is more gradual to accommodate the in-
crease of external heat load rith time. The use of this method of
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control offers no significant advantage over using the method of
constant-temperature evaporation wvhen the average equipment temn-
peratures during the evaporation period are comparable.

ANALYSIS

1. Assumptions for Analysis

A typical configuration for a compari-tment containing a number of
equipment items, one of which is protected by evaporative coolant, is shown
in Figure IX-1. The pa'rticular compartment shorwn is cylindrical in shape,
and no other cooling method is us ed in the compartment. The single item
which is cooled is assumed to consist of a box which contains one or more
equipment items. On the interior of the box is a flask or container of
evaporative coolant, so placed that it is in good thermal contact with the
box and the equipment inside of the box. If it is not detrimental to opera-

COOLANT DISCHARGE

•///////////•////• /"",• -- ISUAT ION

-- EQUIPMENT
PROTECTED BY
EVAPORATIVE

"COOLANT

""BULKHEAD

Figure IX-1. Schematic of a Compartment with an Equipment
Protected by Evaporative Coolant

tion, the entire box may be filled with evaporative coolant, completely im-
mersing the equipment. The box is fitted vith a discharge line for dis-
posing of the vapor. By means of this line, the coolant is vented to a
pressure which establishes the evaporation temperature. TvNo methods of
control are assumed for the analysis. In one case, it is assumed that the
vent or discharge line for the coolant contains a pressure regulator which
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maintains the coolant at constant pressure. The evaporation temperature of
the coolant is therefore constant. In the second method of control, it is
assumed that the coolant is vented to a constant pressure region but the
vent line contains a convergent nozzle as a restriction which offers re-
sistance to the flow of the discharging vapor. The pressure of the coolant
and the evaporation temperature therefore rise for an increase in evapora-
tion rate.

The external heat loads to the cooled box of equipment are assumed to
be those due to radiation from the skin insulation and free convection of
the compartment air only. In addition, the cooled equipment may generate
heat. The sum of the external and generated heat loads of the box is dis-
sipated by the evaporative coolant. Although a slight temperature differ-
ence is required to transfer generated and received heat from the equipment
to the evaporative coolant, it is assumed that this is negligible, and that
the equipment and coolant are at the same temperature. For purposes of de-
termining the external heat load to the box, it is assumed that the cooled
equipment itself has negligible effect on the compartment temperatures. The
compartment air temperature and the insulation face temperature are there-
fore established by the heat transfer processes between the skin and all of
the other equipment in the compartment. This assumption is accurate in the
case where the cooled box or boxes are a small portion of the entire con.-
tents of the compartment.

The only insulation used in this analysis is that on the inside of the
compartment skin. The use of insulation on individual equipment boxes is
considered in Section X. The radiation portion of the external heat load
is assumed to consist only of radiant heat transfer between the box and the
compartment skin or skin insulation. The temperature difference between the
cooled box and nearly uncooled bodies is assumed to be sufficiently small
that radiant heat interchange between them can be neglected.

2. Nomenclature

Symbo Definition Units

A Surface area ft 2

a Flow area in 2

a' A convection group, used in equation
(IX-4)

c Specific heat Btu/lb-%R

H Enthalpy Btu/lb

h Heat transfer coefficient Btu/hr-ft 2 -°R

K Nozzle coefficient dimensionless
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Symbo Definition Units

L Characteristic length for free con-

vection ft

11 Weight lb

m Weight on unit skin area basis lb/ft2

p Pressure Ib/in2

q Heat transfer, storage, or generation
rate based on unit skin area Btu/hr-ft 2

q1 Heat transfer, storage, or generation
rate Btu/hr

R Ratio of free convection to radiation
heat transfer area dimensionless

T Absolute temperature OR

U Insulation conductance Btu/hr-ft 2 -oR

V Volume ft 3

v Specific volume ft 3/lb

w Weight flow rate lb/hr

x Fraction of coolant in the vapor state dimensionless

Pressure atmospheres
(dimensionless)

6 Emissivity dimensionless

-Time hr

Time miin

SUBSCRIPTS

a Denotes air

b Denotes time of initial evaporation

c Denotes convection value

ch Denotes chord to curve segment
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Subscripts (continued)

d Denotes design value

e Denotes equipment

evap Denotes evaporatlo n

f Denotes coolant in general, or liquid value
of enthalpy or specific volume

fg Denotes value for change of state from liquid
to vapor

g Denotes generated value with heat rate, or
vapor state value with enthalpy

i Denotes insulation

m Denotes average value for a time interval

n Denotes the n-th interval of time

o Denotes external Value for heat load and
original value if used as a second sub-
script, i.e., Teo

r Denotes radiation value

8 Denotes storage value for heat rate

t Denotes tangent to curve segment

th Denotes throat of nozzle

v Denotes vapor heat rate

w Denotes skin

1,2 Denotes initial and final values for a
time interval; also denotes upstream
and downstream values for a nozzle

3. Derivation of Equations

a. External Heat Load to the Cooled Box

To determine the external heat load by radiation and free con-
vection to the cooled box, it is necessary to define the environmental con-
ditions of the compartment. Since no other cooling is used in the compart-
ment, and since most of the compartment heat transfer processes are domi-
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nated by the uncooled equipment, the methods of Section V are used. A cal-
culation for the compartment as a whole is made exactly as in Section V$
the only difference being that the insulation face temperature and compart-
ment air temperature are the results of principal interest rather than the
equipment temperature. A plot of insulation face temperature and air tem-
perature versus time is then used to define the external heat load to the
cooled box by means of the equations which follow. No additional compart-
ment or equipment characteristics for the =ucooled equipment are required
beyond those used in the method of Section V.

In keeping with the practice of Section V, the radiation heat load to
the cooled equipment is defined by

q ½ - Ar h. (Ti - Te) (IX-l)

where Ar is that amount of the surface area of the bax which "sees" the in-
sulation and therefore exchanges heat with it by radiation. The radiation
coefficient is defined as

hr U 174l- Ti _O (uc-2)" "~ ~Ei 6+•' )e = -0 IX2

where the function of temperatures is given by Figure AIV-I. The use of
.this form of the radiation coefficient for a single equipment body assumes
that the surface which "sees" the insulation is essentially parallel to it.
The value of Ti for equation (IK-l) is a function of time, as determined for
the uncooled equipment. The free convection heat load to the cooled equip-
ment is given by

=Ac hc (Ta- Te) (IX-3)

where the area A. refers to the entire surface of the cooled box if it is
all exposed to free air circulation. If some of the surface area is ob-
structed from free air circulation, that portion is not included in Ac.
Surfaces facing gaps of 3/8-inch width and less are usually considered ob-
structed when the gaps are bounded by other equipments. If such a gap is
bounded on the other side by the skin surface, or its insulation, the heat
transferred across it should be estimated as somerhere betwTeen that which
occurs for free convection and that which occurs for gaseous conduction.
To be conservative the larger value should be used. The convection coef-
ficiEnt of equation (DE-2) is defined as

(aLl/4\61/2

h (e) J (Ta - Te)1A (JK.4)

The total external heat load to the cooled box is the sum of the radiation
and the free convection heat transfer loads.
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b. Heat Balance for the Cooled Box

There are two heat balance equations which apply to the
cooled equipment box. The first equation is for the time when no coolant
is being evaporated, as occurs if the temperature is less than that cor-
responding to evaporation pressure, or if the coolant has already been com-
pletely used up. During operation of this iype, all of the heat received
by or generated in the cooled equipment is stored in the combined thermal
capacities of the equipment and the coolant in the liquid state. The heat
balance equation is therefore

(ql + qg) ar (eNce + M•cf) ATe (I-)

The second heat balance equation applies to that time hen coolant is
evaporating. The equation is different in form for the two different types
of coolant control. If the coolant is vented through a pressure regulator,
the evaporation and equipment temperatures are constant, and the heat bal-
ance simply equates the external and generated heat loads to the evapora-
tion rate times the latent heat of the coolant, giving

%+ Bf g i

where Hfg is the enthalpy of vaporization of the coolant at the temperature
of evaporation.

If the coolant is vented to a constant pressure through a line which
contains a flow restriction, such as a convergent nozzle, the heat balance
is more complicated. The pressure, and hence the temperature at which
coolant evaporation takes place, depends on the pressure drop across the
flow restriction, and this, in turn, depends on the evaporation rate.
Since the evaporation rate varies with external heat load, the temperature
of evaporation varies, and equipment and coolant thermal capacities are
involved. The equations describing the flow of saturated steam through a
convergent nozzle are (e.g. Ref. IX-1),

a.hKWf 1080 lO OX-7)

for (P2/P-L) -; o.58, and

Wf 7O9/ (P [(p2 1.77 p2 1.89)

for (p2 /p 1 )> 0.58.

For ary given discharge pressure p2 these equations can be used to con-
struct a plot of (7ff/athK) versus To, where the values of Te are saturation
temperatures for water vapor corresponding to values of Pl. A plot of this
form can then be used to facilitate calculation with the heat balance equa- 0
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tions. For other coolants than water, similar equations -ith appropriate
empirical constants must be used.

The quantity of coolant remaining in the container at the end of any
time interval during the evaporation process is given by

f2)n .Mf2)n- (-( a-tK) (ath) n

where (Wf/athK) is found for the current interval as based on the average
value of T during the interval, and where n refers to the current interval,
while (n-11 refers to the previous interval.

Because of changes in pressure and temperature of the coolant, it is
necessary to account for changes of coolant enthalpy in both the liquid and
the vapor states. To do this, it is convenient to define the quantity x as
the portion of the coolant still within the container but in the vapor state.
Then for a total container volume V,

V - 1'2 [x(vf + vfg) + (1 X)v-

'or
V = M±'f (vf + x vf g) (Ix-9)

If vf and vf are evaluated for the temperature at the end of the interval,
or Te2, equation (IX-9) can be solved for x, since 1f for the end of a time
interval is knomn from the previous equation. This permits computing the
enthalpy of all the uoolant in the container at the end of an interval as

Mf2Hc - l2 ( + x Hfg) (!K-lO)

where Hg and IHg are evaluated at Te2.

The heat stored in both the equipment and the coolant during any in-
terval of time and temperature change is therefore given by

(q.) a' - [(I2Hc)n - (A2HC)n-lI + ece A Te (C-II)

The heat escaping with the vapor during a time interval is given by

(N ) (athK) Hg aU (IX-12)

where the value of Hg is taken for the average temperature of the interval.

The complete heat balance for the cooled equipment box is therefore
given by

wI+ qg) qI + q v) &r (IX-13)
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The equations developed are sufficient to describe all of the heat
transfer and heat storage processes occurring, and are used in the calcu-
lation procedure described next.

4. Calculation Procedure for Determining the Temperature Rise of

Equipment Protected by an Evaporative Coolant

a. General Method

As indicated by the form of the equations developed, it is
necessary to employ a stepwise calculation method for this temperature rise
evaluation. The calculation method described here is based on the evalua-
tion of heat transfer and storage rates at the average temperature condi-
tions of an interval. A less accurate method can be used based on tempera-
ture conditions at the beginning of an interval, but it is not described
here. The method described requires trial and error calculations, since
the evaluation temperatures used are unknown at the start of an interval,
and therefore must be assumed and then checked later. Detailed procedures
and examples of interval calculations are given in the Appendix to this
Section.

b. Calculation of Compartment Environment Temperatures

Before subsequent calculations can be made to evaluate the
tempaature rise of cooled equipment, it is necessary to determine the
variation of skin insulation temperature and compartment air temperature
with time. This is most readily done by using the general calculation pro-
cedure for evaluating the temperature rise of uncooled equipment, as given
in Section V. The same compartment and equipment characteristics as indi-
cated in Section V must be known, and should be established based on the
entire contents of the compartment except the specially cooled items. After
completing the calculation, a plot is prepared showing the values of Ti and
Ta for the time range of interest, and this plot is used in the subsequet
calculations for determining the external heat load to the cooled equipment
bo. Fcr further details of determining the compartment environment tem-
peratures, the reader is referred to the Appendix to Section V.

c. Calculation for Periods when No Coolant Evaporates

The calculation procedure described here is used to evaluate
the temperature rise of equipment which is protected by evaporative coolant
when no evaporation is taking place. This condition exists during the
initial heating-up period, when the equipment has not yet reached evapora-
tion temperature, and also applies during the final period, when all of the
coolant has evaporated. Since the compartment air temperature and the in-
sulation face temperature have been determined by previous calculation, and
plotted in a chart of Ta and Ti versus time, their values are available for
any time interval of the calculation. For a selected time interval for
which the initial temperature sre known as Tal and Til, the values at the
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end of the interval, Ta2 and Ti2, are found from the plot. The average
values are then calculated as Tam = (Tal+Ta2)/2, and similarly for Tim. It
is then necessary to assume the only unknmwn temperature for the end of the
interval, which is Te2. Tem is then calculated, and equations (IX-1 and
-2) are used, based on the average temperatures for the interval, to deter-
mine q4. Equations (]I-3 and -4) r. usi2 next to evaluate q, basing the
determination of the quantity (a'L /A/ b / 2 ) from Figure AIV-3 on the aver-
age air film temperature of (Tam+Tem)/2. The value used as Ar is that por-
tion of the surface of the equipment box which "sees" the insulation face
and is involved in radiant heat transfer. This value must be estimated and
should be principally restricted to those surfaces of the box which are ap-
proximately parallel to the insulation face and have no intervening ob-
structions between them and the insulation. Surfaces of the box which are
approximately perpendicular to the insulation face are not very effective
in radiant heat transfer, particularly when they are facing nearly parallel
faces of other equipments. As mentioned earlier, the convection area Ac
consists of the entire box surface except those portions which face gaps of
3/8 inch and less formed together with other equipments. An individually
cooled equipment box should not be butted in direct thermal comnmunication
with another equipment box, since it then receives heat by thermal conduc-
tion from the other equipment, thus subjecting the coolant fluid to unin-
tended heat loads. After determining q• and q', equation (IX-5) is solved
for ATe, and Te2 is calculated from the equation

Te2 , Tel + ATe

The calculated value of Te2 should agree within 5 or 6°R of the value
originally assumed, in which case the calculated value is very accurate,
and is used as the value of Tel for calculation of the next time interval.
If this degree of agreement is not achieved, the calculated value of Te2 is
used as the assumed value for a second trial, in which the entire calcula-
tion procedure for the interval is repeated.

The calculation just described is an easy one, inasmuch as there is
only one unknown temperature involved. The assumption of the value of Te2
for an interval is facilitated by keeping a running plot of the values of
Te2j and extrapolating the plot for the assumed values. Quite accurate re-
sults can be expected from the procedure if the time intervals A6r are se-
lected so as to limit the values of a Te to a maximum rise of 40°R during
the interval. Mhen using this procedure to calculate the last time interval
prior to initial evaporation of the coolant, the time interval must be such
that the value of Te2 is the assigned evaporation temperature. This may re-
quire several trials. Then the procedure is used for the period after
coolant evaporation is completed, the value of Mjf for equation (fI-5) is
zero.

d. Calculation for Periods of Coolant Evaporation at Constant
Temperature

The calculation described here applies to periods of coolant
evaporation, when the coolant is maintained at a constant pressure. Opera-
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tion under these conditions is at constant equipment temperature for the
cooled box. For any time interval both the initial and final values of all
temperatures are known, making possible the direct calculation of q• and
using equations (IX-i, -2, -3, and -4)9 based on Tim and Tam. Equation
(IX-6) is then solved for £IMf, which c ompletes the interval calculation.
This is repeated for succeeding intervals, calculating r ( AZf)n for each
interval until

E")n Mf

at which time all of the coolant has been evaporated. It is necessary to
find the length of the final evaporation interval by trial such that the
coolant is just usea up at the end of the interval. The calculation gives
very accurate results for time intervals selected such that (Ti 2 -Til) Z
40OR (or OF),

e. Calculation of Tenperature Rise for Periods of Coolant
Evaporation Controlled by a Convergent Nozzle

The procedure described here applies to periods of coolant
evaporation when the coolant is vented to a constant pressure region by a
line which contains a convergent nozzle. It is assumed that the nozzle is
small enough to offer something more than negligible flow resistance to the
vapor discharging through it. Before starting the calculation of the
equipment temperature rise, equations (IX-7 and -8) are used to construct
a plot of the function (7Tf/athK) versus Te. Since the vapor is discharged
in a saturated condition, Te is the saturation temperature corresponding
to pl; p2 is the constant throat or discharge pressure of the nozzle. The
plot is prepared by evaluating the equations for a range of selected values
of Pl, corresponding to the range of values of Te of interest. The lowest
temperature of this range is the saturation temperature of the coolant cor-
responding to P2. Equations (MC-7 and -8) are applicable only to the use
of water as the evaporative coolant. If other coolants are used equations
for their flow must be used in constructing the plot of (Yrf/athKS versus Tee

The first part of the temperature rise evaluation consists of select-
ing the time interval, assuming Te2, and determining Tim, Tam, and Tem-
Equations (DC-l, -2, -3, and -4) are used as before to determine q3! and
The value of (Wf/athK) is then taken from the plot corresponding to Tern,
and 71f is calculated for the assigned (athK). Since the throat area ath of
the nozzle is constant, tile only variation of this product is due to change
of the coefficient of discharge K, Waich is a function of the Reynolds num-
ber of flow. As an approxiination, the value of K is assumed constant in
this procedure. Using 7Tf and the value of Hg for Tem., q4v is calculated
from equation (1I-12).

Equation (11-9) is used next, with specific volumes corresponding to
Te2, to calculate x, the portion of coolant inside the container, but in
the vapor state, at the end of the interval. This requires using the value
of WVf ar for the current interval, and 1f 2 for the previous interval to
find the current value of kMf2 . After finding x, the value of (i.if2H) is
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found from equation (IK-IO), using enthalpies at Te2. Equation (IK-13) is
then used with q' expressed in the form of equation (IK-ll). This is solved
for aTe, and Te2 is calculated. This calculated result should agree with
the value of Te2 originally assumed. If not, the interval calculation is
repeated until agreement to any desired degree of accuracy in ATe is
achieved. The evaporation process is completed when

Z(WfAn & -T Mf

where Mfo is the initial value of Mf for the container. When using this
procedure at the end of evaporation, the interval size must be found by
trial such that the coolant is just used up at the end of the interval.

The calculation described above is a rather difficult one. The time
intervals can be selected only from experience, and must be rather small
when the plot of Te vs. r is changing slope rapidly. Otherwrise the results
tend to plot a zig-zag course above and below the true values of Te. An
example of an interval calculation using this method is given in the Appen-
dix to this Section.

-EFFECTS OF EQUIPMENT CHARACTERISTICS AN'D EVAPORATIVE COOL0NT ON THE TEM1-
PERATURE RISE OF INDIVIDUAL EUTJIFENTS

1. Temperature Rise of Individual Equipments as Compared to the
Average

Before considering the application of evaporative cooling to in-
dividual equipments, it is interesting to examine briefly the temperature
rise of individual uncooled equipments in an uncooled compartment. This
will serve to point out some of the important applications of individualized
evaporative cooling. In Section V methods are developed and used to predict
the average temperature rise of all equipments in an uncooled compartment.
It is obvious that each equipment item will not in general conform to the
average temperature rise so determined. Equipments may have an unusually
high surface emissivity, a low thermal capacity, a greater than average heat
generation, or other factors which cause the individual temperature rise to
be greater than the average. In order to study some of these effects, cal-
culations have been made using Procedure A of the Appendix to this Section.
The results are shown in Figure IX-2. The characteristics of the compart-
ment and the average characteristics for all of the equipment are given in
the figure.

The individual equipments studied in Figure IX-2 all consist of a cubic
box, one foot on an edge and having a total surface area of six square feet.
It is assumed that the ratio of free convection to raiation heat transfer
area is R = 4, which gives Ar = 1.5 ft 2 and Ac - 6 ft . For a body having
Ar = 1.5 ft the thermal capacity would be Mece= 3.0 Btu/°R if it conformed
to an average of mece = 2 Btu/OR-ft 2 . The plots a and b of the figure
therefore compare the temperature rise of a box having the average charac-
teristics of all the equipment with that of a box having only half the aver-
age value of thermal capacity. 'Tith a lower value of thermal capacity the
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box can approach the average air temperature and insulation temperature more
closely than the average piece of equipment. The smaller values of (Ti-Te)
and (Ta-Te) result directly from the fact that the box represented by b
stores less heat per unit temperature rise than that represented by a.
Therefore, for about the same rate of temperature rise the temperature dif-
ference for heat transfer is less for b than it is for a.

The plot c represents a box having the average thermal capacity but a
higher than average surface emissivity. 7Thereas the average value for the
equipment is Ee a 0.2, plot c is obtained using Ee - 0.9. Both cases
assume -i = 0.1. The strong influence of radiant heat transfer on the
equipment temperature'rise is evident. This effect would be more pro-
nounced in a compartment having less insulation, since Ti would be greater
for a given skin temperature. The plot d represents a box for which Ee e
0.9 and Xece = 1.5 are assumed. In this case the individual equipment ex-
ceeds the average equipment temperature by as much as 70 0F. Due to its
high surface emissivity and low thermal capacity, the individual box of
equipment eventually attains a higher temperature than the compartment air.
It is important to note that a difference in temperature rise of as much as
70 0F greater than the average can exist in non heat generating equipment.
Even greater differences can therefore be expected for individual equip-
ments which have a greater than average heat generation rate.

From the above results it is concluded that individualized cooling of
critical equipments has many possible applications. It is particularly
applicable where most of the equipment items in a compartment do not need
cooling, but where certain critical items do. An item may be critical be-
cause of thermal characteristics wvich cause it to have a greater tempera-
ture rise than the average, or it may be critical in that it must be held
to lower temperature limits than the average. The increase in temperature
rise for cases b, c, and d of Figure IX-2 is a little greater than would
actually occur due to neglecting the radiation heat transfer between indi-
'vidual equipments.

2. General Performance with a Coolant Evaporating at Constant
Temperature

The general performance in terms of temperature rise is shown for
two cases of an equipment using water as the evaporative coolant in Figure
DC-3. The characteristics of the compartment and of both the individually
cooled and the uncooled equipments are given in the figure. In this and
all succeeding figures, the emissivity of the insulation face is taken as

*i = 0.10, while the emissivity of both the cooled and uncooled equipment
surfaces is assumed to be E e - 0.20. In particular, the cooled equipment
is assumed in the form of a cubic box, one cubic foot in volume. The
coolant is assumed to be vented so as to evaporate at a constant tempera-
ture. The initial temperature of the equipment and its coolant is taken as
492 0 R so as to avoid the complication of a change of state of the coolant
from ice to water. This effect could be included if the initial equipment
temperature were below 492°R, but is omitted here to avoid unnecessary corn-
plication.
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From the figure, it is seen that the equipment undergoes an initial
heating period, where the temperature rises rapidly due to the combination
of radiation, convection, and generated heat loads, all of which are stored
in the equipment and coolant thermal capacity with rise in temperature.
During this initial period the air temperature is exceeded, indicating that
the convection action thereafter gives a cooling effect. As soon as the
temperature reaches the saturation temperature for water corresponding to
the water pressure, evaporation or boiling of the coolant starts. The com-
bined heat loads are then dissipated by boiling of the water and discharge
of the vapor as long as the water lasts. When all of the water is evapor-
ated, the equipment temperature rises, since the heat loads are again stored
by the equipment thermal capacity. The dxration of the boiling or cooling
period depends on the amount of coolant provided and the magnitude of the
heat loads to the cooled equipment. Although one case has twice as much
coolant as the other, the duration of its constant temperature period is not
twice as great, since the average of the convection and radiation heat loads
is greater. This is established by inspection of the relative positions of
the Ti, Ta, and Te plots. It is interesting to note that the extended dura-
tion of the constant-temperature period is not the sole benefit of more
coolant. During the initial heating period, the presence of the greater
amount of coolant results in more thermal capacity and a slower temperature
rise.

The strong effect of the evaporative coolant is indicated by comparison
of the temperature rise plots vi'th the plot for perfect insulation. The
latter represents the same equipment if it were provided with no coolant
and were perfectly insulated from its surroundings, so that its temperature
rise is entirely due to generated heat. The actual rate of temperature rise
without any coolant would be even greater than shown for perfect insulation
because of external heat loads to the equipment box.

3. Effect of Evaporation Temperature on Equipment Temperature Rise

The effect of evaporation temperature of the coolant on the tem-
perature rise of cooled equipment is shotin in Figure IK-h. The characteris-
tics of the compartment, the uncooled equipment, and the cooled equipment
are given in the figure. It is assumed that the coolant vapor is vented to
a constant pressure discharge in a manner which gives a constant evaporation
or boiling temperature for the coolant. The same amount of coolant (water)
is provided in all of the cases shown.

Figure IX-4 shows clearly that the time required for the cooled equip-
ment to reach any temperature beyond its coolant evaporation temperature is
increased by using a higher coolant evaporation temperature. This is prin-
cipally due to the increased use of the equipment thermal capacity to store
heat during the initial period before boiling of the coolant takes place.
There is, however, a small effect due to a lengthening of the period of
evaporation at the higher operating temperatures. 7*Then a higher evaporation
temperature is used, the equipment is at a higher temperature with respect
to the compartment air and insulation face temperaturcs. This results in
less external heat load and hence less heat dissipation to be provided by
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the coolant. Although the effect of the boiling temperature on the duration
of the constant-temperature period is slight for the cases of Figure IX-hj
it would be more pronounced for cases of a lower heat generation rate. The
tendency for the evaporation period to be prolonged at higher temperatures
due to the reduced heat loads may be partially or entirely offset by a re-
duction in the latent heat of vaporization for the coolant at higher tempera-
tures.

Figure IX-h shows that in order to achieve the longest possible flight
tLie for a given amount of coolant, an evaporation temperature should be
chosen as close as possible to the maximum allowable temperature for the
equipment. Since many equipments have a useful operating life that is af-
fected inversely by temperature even when below the maximum allowable tem-
perature, the principle must be applied with caution. An optimum utiliza-
tion of the coolant occurs when the useful life of the equipment expires at
the end of the coolant evaporation period. This optimum condition is an
ideal which cannot be realized for equipments except at great risk in the
operating reliability. In actual practice, an evaporation temperature
should be chosen such that the useful life of the equipment at that tem-
perature somewhat exceeds the duration of the evaporation period. As the
factor of safety in this regard is increased, the efficiency in the use of
a given amount of coolant is reduced.

It may scmetimes be desired to cool several items of equipment by ap-
plication of an evaporative coolant: If it is desired to use different
evaporation temperatures but the same common line for vapor discharge,
special pressure regulators must be used in the branches of this line lead-
ing from the equipments which operate at the higher temperatures* The main
discharge line is then vented through a regulator to a pressure which per-
mits achieving the lowest evaporation temperature of interest. In this way
it may be possible to reduce the length and size of piping from that which
would be required if each cooled equipment would have a separate vapor dis-
charge line.

h. Effect of Heat Generation Rate of the Cooled Equipment

The effect of heat generation by the cooled equipment on its tem-
perature rise for a given amount of coolant is shown in Figure IX-5. Tie
coolant is water, vented so as to evaporate at a constant temperature of
7100 R. The characteristics of the compartment, the cooled equipment, and
the uncooled equipment are shown in the figure.

As might be expected, in the cases with a higher heat generation rate
the coolant is used up in a shorter time. It should be noted, however, that
there is no direct relationship between the time the coolant is all used and
the heat generation rate. This is cke to the varying effect of the external
heat loads as the heat generation rate is changed. For example, in the case
where qN - 0 the equipment temperature is always well below both the com-
partmen• air temperature and the insulation face temperature, indicating a
substantial external heat load. In the case where qý - 3413 Btu/hr the
equipment temperature is usually above the air temperature, indicating some
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cooling due to convection. Since the external heat load is a substantial
portion of the total heat load in cases with lower heat generation rates,
its variability precludes the use of any simple and direct method of de-
termining coolant requirements. It is therefore necessary to use a design
procedure involving trial and error calculations, as discussed later in
this Section. It should also be noted from Figure IX-5 that the tempera-
ture plot during the initial heating period may be one of increasing or de-
creasing rate of temperature rise. This variability must be accounted for
in a design procedure, since the initial heating period is a significant
portion of the total flight time.

5. Effect of Using a Convergent Nozzle to Control the Evaporation
Temperature

The effect of using a convergent nozzle to control the coolant
evaporation temperature is shown in Figure IX-6. Characteristics of the
compartment, the cooled equipment, and the uncooled equipment are shown in
the figure. Water is used as the coolant, and the product athK for the
nozzle is assumed to be constant. For the two nozzle sizes shown, it is
assumed that the discharge pressure is always 3.718 lb/in. abs. This gives
an initial boiling temperature of 610°R.

To consider either nozzle, as boiling begins the discharge of vapor
through the nozzle causes a build-up of pressure on the upstream side. This
requires that the temperature of the coolant and the equipment rise so that
evaporation may continue. This temperature rise proceeds quite rapidly un-
til the upstream pressure to the nozzle is great enough that the vapor dis-
charge rate and consequently the heat dissipation rate is enough to flatten
out the temperature plot. The temperature then rises more slowly as the
external heat load rises, until all of the coolant is boiled away. It is
seen in the figure that the temperature level at which the slower tempera-
ture rise takes place is determined by the nozzle size. A smaller nozzle
requires greater upstream pressure to discharge vapor at a given rate, thus
requiring a higher operating temperature for similar cooling effects.

Figure 11-6 also shows a comparison of performance for the nozzle-
controlled vapor discharge with that for constant pressure evaporation. The
lower plot is for constant temperature evaporation at 610°R, which is the
temperature where evaporation begins for the nozzle-controlled cases. The
upper plot represents constant-temperature evaporation at 71I 0R, which is
the point of coolant exhaustion for the smaller nozzle. These four plots
illustrate the same principle as was seen in Figure IX-4. The coolant lasts
longer if it is used to dissipate heat at a higher temperature. Further,
added use is made of both the equipment and the coolant thermal capacity in
the course of heating to greater evaporation temperatures. Since all of the
cases of Figure IX-6 have the same amount of coolant, the ead points of the
periods of coolant evaporation indicate directly the merits of the higher
operating temperatures from a coolant standpoint. From the standpoint of
equipment reliability, as discussed earlier, operating at lower temperatures
may be mandatory.
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It should be pointed out that while the convergent nozzle is a simple
control device, a pressure regulator is also simple and quite reliable.
There seems, therefore, little reason to use the nozzle-control method in
preference to the constant-pressure method. This is particularly true
since there is but little difference in fligght time afforded for a given
amount of coolant when the average operating temperatures for the cooled
equipment are comparable in the two control methods.

DESIGN FROCMMU E AND DXa'LE FORL DY.LINING THE AMAOUiT OF COOLAT TO USE

A design procedure and design example are given here for the determi-
nation of the amount of coolant required in an application of individualized
evaporative cooling. This procedure assumes that the suitability of in-
dividualized cooling has already been established, and that the coolant to
be used has been selected. Section XI discusses the general problem of
selecting cooling systems and should be consulted to determine if this
system is suitable before applying the design methods used here. The se-
lection of an evaporative coolant is dependent on many suitability criteria
such as latent heat of evaporation, dielectric strength and freezing point.
For an extensive discussion of these and other factors the reader is re-
ferred to Reference (IX-3). The procedure and example given here are con-
fined to the case of coolant evaporation at a constant temperature.

1. General Description of the Procedure

It should be recalled that the temperature-time plot for an
equipment protected by evaporative coolant consists of three parts as
shown in Figure IXK-7. This design procedure neglects the final part after
all of the coolant has evaporated, and assumes that it is desired to select
the proper amount of coolant to evaporate at a particular temperature and
last to a designated time.

Although the general shape of the temperature-time plot and the design
time rd are knon., the point of initial evaporation b is unknown, and must
be assumed. After assuming this point, it is possible to calculate approxi-
mately the amount of coolant required to dissipate the heat loads during the
constant temperature portion of the flight by using equation (I1-6) in the
form

(qo + q')('rd - 7b)
Hfg

and basing the evaluation of q' on Teva, and Ti and Ta at (•d+Tb)/2. The
determination of the amount of coolant •equired to give the temperature rise
indicated before point b is somewhat more involved. It was noted in con-
nection with Figure DC-5 that the first portion of the plot may be either
concave or convex upward. This presents a difficulty in determining an ap-
propriate average equipment temperature to represent the equipment in cal-
culating the external heat load. The method used is based on the geometric
principle that a curved line segment of this type must lie between a chord,
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Figure IX-7. Schematic Temperature-Time Plot

to the segment and a tangent to the segment at either of its ends. The
equation of the chord line for the example of Figure IX-7 is simply

Tch = (T) +Teo

The tangent line for the end of the segment at b requires calculating qo, as
based on Tevap and Ti and Ta dt mbg and is given by

(q• + q )(-rb - r)
Tt = Tevap - (e + fcf

It is next assumed that the true equipment temperature lies halfway between
Tch and Tt, and that the average of all such values appropriate for deter-
mining q• in the initial heating period occurs at T = (Tb)/2. When this is
done the coolant required for the initial heating period is given approxi-
mately by

(q' + q•)rb Mece

Scf(T'evap- Teo - ' (I-15)

If all of the assumptions made in this design procedure were fulfilled,

0
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and if the point b were assumed at its true time, the value of Mf determined

by equation (JI-15) would agree with that found by equation (IX-14). When

they do not agree, it is necessary to assume a new point b and recalculate
until substantial agreement of 14f is reached. If the If of equation (IX-15)
is greater than that of equation (IX-ll) b should be moved to the left, and
conversely. When agreement in values of 1f is reached the calculation pro-
cedure of the Appendix to this Section (Procedures A and B) are used to ob-
tain an accurate temperature rise evaluation as a check. If the desired
performance is not achieved, slight alterations in the amount of coolant can
be made for recalculation, although this is usually not necessary.

2. Design Ecample

An example of the use of the above procedure is given here. The
example is used to select the amount of coolant, using water, for the case
plotted with Tevap - 910°R in Figure IX-4. This will permit a comparison of
the amount Of coolat determined by the design procedure with that amount
which is known to give the performance desired.

Compartment Characteristics:

constant skin temperature T. 13550 R

compartment air pressure & = 2.5

skin insulation of r~ck wool, at initial temperature conditions
Ui = 0.6 Btu/hr-ft -0 R

insulation face emissivity Ci = 0.10

Uncooled Equipment Characteristics:

thermal capacity mece = 2D Btu/oR-ft 2

no heat generation, qg = 0 Btu/hr-ft 2

surface emissivity Ee = 0.2

ratio of free convection to radiation heat transfer area R = 4

Cooled Equipment Characteristics:

heat generation q' = 3413 Btu/hr

coolant evaporation temperature Tevap - 910°R

latent heat of coolant Hfg = 774.B Btu/lb

thermal capacity Mece = 4.6 Btu/°R

surface area of equipment for free convection heat transfer

L WADO- M 53-114 4 i
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Ac s 6.0 ft2

surface area of equipment for radiation heat transfer Ar = 3.96 ft 2

surface emissivity E e a 0.20

Design Performance:

Equipment is initially at 492 0R.

Water must last for a flight time of 156 minutes.

Calculation:

The compartment air and insulation face temperatures are calculated
as explained in the Appendix to this Section. The results of such a
calculation are plotted in Figure IX-4 and are used in the example be-
low.

1. Assume the time at which point b occurs.

Sb a 1.333 hr

2. Get Ti and Ta at (To+-d)/2

(Trd)12 = (1.33+2.6)/2 a 1.965 1w

or 118 min

Ti - 9820R

Ta - 845°R

3- Calculate q• as based on T^p T, and Ta (details are given in
the Appendix to this Sectionrj.

q - 312 Btu/hr

(the negative sign indicates heat flow from the equipment to the
environment)

4. Calculate
(q' + qI)(•d - •b)

Hf g

S(-3l2+3413)(2.6o-i.33) 5.08 l

5. Get Ti and Ta at b

WADC-TE 53-114 412
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Ti - 920OR

*Ta - 7650R

6. Calculate qt as based on Te I Ti, and Ta at b (details are given
in the Appendix to this Seclign)

qI = -I165 Btu/hr

7. Calculate

(qI + q') (b - r)

Tt~a m T0 (rb)/2

T Tevap - (eee + "ýfcf) at (b/

Tt = 910 (-1165+3413)(.667) -Tt -10 .... (4.6+5.0) 75R

8. Calculate

Tch )¶ eb r + Teo at " (= (/2)

910-492

Tch 9 • 42 + 492 - 701R

9. Calculate Te (Tch + Tt)/2

Te =728OR'

10. Get Ti and Ta at -r (r2)

Ti 835°R

Ta = 6630R

11. Calculate qI based on Ti, Ta, and Te from step 9 (details are

given in the Appendix to this Section)

= -359 Btu/hr

12. Calculate
(q' + qo)• MCee

c evap Teo) Cf

(41 59)(1333) - 4.6 515 lb S" (910-4•92) x -I 511

Since the values of step 12 and step 4 are in close agreement, the pro-
cedure need not be repeated, and the average of the two values Mr - 5.12 lb
can be used. Since this example was based on the case of Tevap = 910OR in
Figure IX-4h, it is apparent that the design procedure is quite accurate in
spite of the simplifying assumptions used. As compared to the actual value
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of Mf - 5 lb, the design value of IT = 5.12 lb is in error by only 2.5 per-
cent.

Some of the calculation labor of the foregoing procedure can be elimi-
nated by using the tangent to the plot of the initial heating period at Teo
instead of at b. The equation for this line need not be recalculated for
successive values of b. It has been found by experience, howeverj, that this
gives less accurate results than the procedure above.

APPENDIX TO SECTION IX

1. Calculation Procedures

Calculation procedures and example calculations are given here for
the interval calculations required to evaluate the temperature rise of
equipment protected by evaporative coolant. The procedures apply to indi-
vidually cooled items only, and it is assumed that these items are located
in a compartment where there are no other cooling methods employed. The
procedures also apply only where the individually cooled equipments repre-
sent a small portion of the total contents of the compartment.

The determination of the compartment air temperature and the insulation
face temperature is cb ne by the general calculation method in the Appendix
to Section V, and is not repeated here. Figure 11-8 shows the environment
temperatures determined by such a calculation, using the general compartment
and equipment characteristics listed in the figure. This plot is used as
the basis for calculating the external heat loads to the equipment with
evaporative coolant in all ot the subsequent examples.

Procedure A: Calculation for Periods when no Coolant Evaporates

Given Data:

compartment and uncooled equipment characteristics as shown in
Figure IX-8

thermal capacity of cooled equipment 1%ce - 4.6 Btu/oR

heat generation of cooled equipment qg - 3413 Btu/hr

weight of coolant (water) Mf - 5.0 lb

total surface area of box available to free convection Ac - 6.0 ft 2

total surface area of box available to radiation Ar * 3.96 ft 2

surface emissivities Ei - 0.10, Ee - 0.20

characteristic dimension of cooled box L n I ft

WADC-TR 53-ll1441
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•nrIm InTp, 'm A n

compartment pressure 6- 5

Tel- 4920 R when -r - 0

1. Select r and assume Te2

-r= 0.0834 hr
Te2 - 525.5"R

2. Calculate Temr Tel + Te2

Tern 508.7 0 R

3. Get Til, Tal, Ti2 and Ta2 from Figure IX-8.

Til a 731°R

Tal - 551O
Ti2 - 743OR•
T - 5650R

h. Calculate Ti Til + Ti 2  Tal + Ta24' Caclt2i and Ta W 2

Tim = 737°R

Tam - 558oR

5. Calculate

5~ ~ +7~ l ~ ( B
Ej Ee

taking B from Figure AIV-l based on Tim and Tern

hr = 17.4xlO42x.7OlxlO0O - 0.124 Btu/br-ft 2-°R

6. Calculate - hrr(Tim - Tem)

q - .1244%x228.3 - 113.2 Btu/hr

7. Calculate (Tam+Tem)/2 and get (a'Llh/ 61/2) at this mean tempera-
ture from Figure AIV-3.

aLt
= 0.2832

raL1/4 [61/2'8. Calculate h.l(TTem)/4

hc- .028 32xl.58x49.3/4 - 1.185 Btu/hr-ft 2-'R

WADO-TR 53-1I 416

V am FZ'A



9. Calculate q a = hAc(Tam -T e)

a 1.185x6x49.3 - 350 Btu/hr

10. Calculate q' = q. + q'

4= 63.2 Btu/hr

l. Get cw at Tern from Figure ID-9.

c, a 1.00 Btu/lb-'R

12. Calculate

(qt + q ) Ar
A Te = 37(Gle e + •Ifcf)

A Te 3876"2X0"j .03837J4
4 .6+5 =3"°

13. Calculate Te2 Tel + ATe

Te2 525.70R

This result should agree with the value assumed in step 1 within
6 0R, otherwise repeat the calculation, using the calculated value
as the assumed value in the next trial.

The value of Mf is taken as zero if no coolant is'present, as, for
instance, during the period after all of the coolant has evaporated.

Procedure B: Calculation for Periods of Coolant Evaporation at Con-

stan t Temperature

Given Data:

All data are the same as in Procedure A. In addition, the coolant
(water) is vented such that its boiling temperature is 7100R.

enthalpy of vaporization at 7100R Hfg - 945.5 Btu/Ib

Steps 1 through 10 are identical to Procedure A, except that Te is con-
stant. Making the calculation for q" as based on the time interval
from r - 0.5935 hr to r = .75 hr gives q1 = -156 Btu/hr as the result
to step 10.

11. Calculate A. (q +1q)i

S.1565 o.54 lb
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12. Calculate E(WAi'')n for the n intervals calculated during evapora-
tion, ending with the current one. Trhen the sum equals M, of the
given data the evaporation process is completed.

Procedure C: Calculation of Temperature Rise for Periods of Coolant

Evaporation Controlled by a Converxent ,iozzle

Given Data:

All data are the same as in Procedure A. In addition, the coolant
is vented such that the initial boiling temperature is 610 0R. 'The
discharging coolant vapyr passes through a convergent nozzle for
wh1ich (athK) = 0.003 in . Data on the properties of steam and
water are taken from ieference (IT-2).

Volume of coolant container V = .0817 ft 3

Part 1: Determination of the Nozzle Performance Curve

Given Data:

P2 a 3.718 lb/in2

1. Select a value of Pl > P2 at desired intervals

Pl - 4.519 lb/in2

2. Get v1 corresponding to saturated steam at P, from a chart or
steam tables.

v1  80.84 ft 3/lb

3. Get Te as the saturation temperature corresponding to P,

Te 618°R

4. Calculate (P2/Pi)

(p2/pl) .08224

5. If (P2/Pl) > 0.58, calculate

ath( .7090 [(L)j(2)1.77 (p 1.89]

af . 214 lb/hr-in2

6.1 If (p2/p 1) 0.58 calculate (7f/athK) l080J(P7 1 Yl
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- - lb/hr-in2

athK-

7. Plot (Wf/ahK) vs. Te

This procedure is repeated to cover the range of values of Te of
interest. The plot is shown in Figure IX-0O, and used in Part 2
given below.

Part 2: Evaluation of Equipment Temperature Rise

Given Data:

Vaporization has just started, so that If - 5 lb at the beginning
of the interval, and Tel n 610OR

Steps 1 through 10 are identical to those of Procedure A. Calcu-
lation for the interval from r = .308 hr to r a .333 hr gives the
external heat load as qý a 91 Btu/hr (assuming ýTe - 80)

i1. Get (Wf/athK) for Ter and calculate Wf

at 6140R, (Wf/athK) - 164 lb/hr-in2

wf - l6bx.003 - .492 lb/hr

12-. Get Hg from steam tab~les at Tern and calculate a - WfHg

Hg - 1128 Btu/lb

q- .492xU128 - 555 Btu/hr

13. Calculate (Mf2)n = (Yf2)n.l - L•f &r)n where n denotes current

interval, n-1 denotes previous interval.

(Mf2 )n - 5-.492x.025 - 4.988 lb

14. Get vf and Vfg at Te2 and calculate

v -V .'2 Vf
112vfg

vf- .01638 ft 3/ib

V g- 79.2 ft 3/lb

X .0817-4.9881x:016 - 41-x. 4-.98 x79.2 .•-

15. Get Ft and Hfg at Te2 from steam tables, and calculate

!f2Hc l- f2(Hf + X Hfg)
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H - 126.6 Btu/lb
Hfg - 1003 Btu/ib

(Vf2Hc) u 4.988x126.7 - 631 Btu

16. Calculate A(M12Hc) - [(Mf2H'c)n - (fc)nI]

4(Uf2Hc) - 631 - (5xi18.6) - 38 Btu

17. Calculate

Te q~ Wf !J] 4"r- d(I(f 2Hc)
ATe "• MeCe

Te  .025 91+3413-555 38- 74R=~~~ ~ ..... . .6 " "78°

18. Calculate Te2 - Tel + ATe

Te2 - 617.8 0R

This must agree with the value assumed in step 1, otherwise repeat
the procedure to convergence of the asswaed and calculated values.
The value of Te2 thus determined is the value of Tel for the next
interval.
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(IX-3) Robinson, 7r. and Zimmerman, R. H. Methods for the Ulti-
mate Dissipation of Heat Originating with Airborne Elec-
tronic Equipment. United States Air Force Technical Re-
port No. 6493, United States Air Force, Air Materiel Com-
mand, March 1951, pp. 73-90.

WADC-TR 53-.l4 )422



SEUTION X

TBDATURE RISE OF YUIFUM COMPONENTS WITH INSULATION
AND WITH C(1 WITHOUT EVAPORATIVE COOLANT

By T. C. Taylor and Y. H. Sun

One method which can sometimes be used to limit the temperature rise
of individual equipment components is to cover them with insulation. In
this way the individual component is partially protected from external
heating effects. Insulation used for this purpose is to be distinguished
from that used on the aircraft skin to protect all of the equipment in the
compartment. This more general use of insulation is discussed in Section V.
The individual application of insulation provides no cooling effect, and
therefore has limited value in cases where the individual component con-
sidered generates heat. In such cases the insulation may hinder the normal
cooling effects of free convection somewhat. Since insulation and evapora-
tive cooling are both applicable to individual components, they can be
studied in some applications using both to determine whether it is better
to use one or the other. Methods are developed in this Section to evaluate
the temperature rise of individual equipments, using insulation both with
and without evaporative cooling. The analysis is in both cases confined to
the operation of such individual components in compartments which are not
cooled. The methods are general and applicable to the use of arV insula-
tion effect for which the pbysical and thermal properties are known. Any
evaporative coolant may also be used, provided its thermal and physical
properties are known and provided it boils at a constant temperature when
held at constant pressure during boiling. Because of the many independent
variables present in the use of both individual insulation and evaporative
coolant, no attempt is made to determine exact limits of applicability of
these methods or to explore all of their independent and combined possi-
bilities. Rather, stress is laid on the development of a suitable analyti-
cal method which the reader may apply to the smaller range of possible ap-
plications of interest to him.

SUWARY

The use of insulation is considered, as applied to individual com-
ponents for a means of protection against excessive temperature rise. Cases
are studied in which the insulation is the only protective means as well as
cases in which the component is also cooled by an evaporative coolant. It
is assumed that the components thus protected are located in compartments
containing other unprotected equipment components. These other equipments
are assumed to dominate the heat transfer processes of the compartment, and
thus determine the environmental temperatures to which the special3y pro-
tected components are subjected. Where an evaporative coolant is used, it-
is controlled so as to evaporate at constant temperature. The external heat
loads to the equipment are assumed to consist entirely of free convection
and radiation heat transfer. The thermal capacity of both the skin insula-
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tion and the compartment air is neglected, but the thermal capacity of the
component insulation is included in the analysis. It is assed that a
reflective outer face is used on the component insulation to reduce the
radiant heat load.

Equations are given to describe the external heat load by radiation and
free convection. BquatLons are then presented to describe heat conduction
through the component inaulation, allowing for the thermal capacity of that
insulation and its resulting heat absorption with rising temperature. An
equation is also given based on the methods of Section IX to describe the
evaporation rate when an evaporative coolant is used. Calculation proce-
dures are developed which employ these equations in a step-wise application
to evaluate the temperature rise of an individually insulated component,
either with or without the added protection of an evaporative coolant.

A number of calculation resilts are given to show the temperature rise
of individual components which are insulated. Other results are shown for
4.ases in which evaporative coolant is used together with insulation. In
these cases the insulation is used to replace a portion of the coolant equal
in volume to that of the insulation. The salient conclusions based on the
results of these caeulat•ions are sumwarized as follows:

1. The application of insulation to a non-heat generating component
reduces the temperature rise of the component by an amount which
is apfa:15atel proportiomnal to the thickness of the insulation.
In one particula case, the use of 1/2 in. of 36-1b/ft- asbestos-
felt insulation reduces the temperature rise of the component so
that it Is apprcoiutely 70OF below the temperature of a similar
coopovent without special inulation during most of a flight of
220 miuMes dratiom. Since both components are initially at the
same temperature, sone tims is required to establish the tempera-
ture difference. A significant portion of this reduction of tem-
perature rise is due to the insulation thermal capacity as dis-
tinguished from its insulating effect. The use of insulation on
heat generating components may be inadvisable, since the insulation
hampers the free convection cooling effect when the component is
at a higher temperature than the compartment air.

2. Asbestos insulation should n~t be used to replace water as an
evaporative coolant on an equal volume basis. The reduction in ex-
terml heat load due to the insulation is not sufficient to replace
the loss in cooling capacity. Therefore the remaining coolant is
used up in a shorter flight time than if all of the available volume
f insulation and coolant were used for coolant alone. This con-

clusion holds for both heat generating and non-heat generating com-
ponents. In the case of the former, the reduction in flight time
result9mg frou replacing some of the coolant with insulation is
more severe. From the standpoint of space requirements, use of
evaporative coolant is therefore, a moe effective means of pro-
tecting components against excessive temperature rise than insula-
tion. It is emphasised that this conclusion is based on the study
of asbestos insulation and water as evaporative coolant. Same
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peatin oonditions, suh s a tm low initial t2WpersM
or need for good dielectric pro~pertles wq preoth usevi of VwStw
as an evaporative coolant. In such oases it may be neeess=y to
use w coolant having a muh lower ratio of latent heat to va!..
than that of water, giving a smal3se'value of cooling effect per

nzLt volume of coolant. It is therefore possible that'in that
case the use of individual insulation would be aoe effective than
the use of coolant on a vmit volume basis.

3. The use of individual insulation instead of evaporative coolant
where the former can provide satisfactory protection has three
significant advantages. Fmst, the insulation requires no control
apparatus or piping, and thus does not require the use of coumpart-
ment space for these items. Second, the simple nature of the in-
sulation insures absolute operational reliability. Third, the in-
sulation can usually be applied externally without sabetantial al.
terations to the design of the protected component. A proper ap-
plication of evaporative coolant, on the other hand, requires that
the component and coolant container be Integrally designed so as
to Insure good cooling effect by means of adequate thermal aon-
ductance between all parts of the component and the coolant. If
the component is to be cooled by imaersion, the oontain mat be
properly designed to .give adequate coolant sealing effects without
interfering with component operation. This is a method not s
easUy applied to existing equipments, or probleme of modifioatlons
as Is insulation.

1# Assumptons for Aga]si

As in the analysis of components protected by evaporative coolant
of Section II, it is assumed bere that the components considered for special"
analysis are a wall portion of all the equipeent in a compartment. The
environment temperatures of the compartment are therefore assumed to be
established by all of the other equi.mentta, and thes tempe atures are used
in determining the external heat loads to the special equipments considered
here. These external heat loads are assumed to consist of radiation heat
exchange with the skin insulation and free convection heat exchange with
the compartment air. It is assumed that the individual component does not
exchange heat by radiation with nearby components. In addition to the ex-
ternal heat loads, heat generation by the specially protected component is
considered.

As in the earlier analyses, the thermal capacity of the compartment
air and the skin Insulation is neglected. The thermal capacity of insula-
tion on an indiVidual equipment is included in the analysis, however. This
is prticulary necessary vhen considering small insulated items, where. an
insulation of aw worthwhile thickness is likely to have a thermal capacity
which is appreciable in comparison to that of the equipment which it pro-
tects. It is assumed that insulation placed on the equipment has an outer
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facing of some reflective material, such as aluminum foil, in order to re-
duce the radiation heat load. This precaution is necessary because of the
high emissivity of some insulating materials. In analyzing radiant heat
transfer from Section V onward it has been invariably assumed that the skin
insulation is faced in this manner.

In writing the heat conduction equations for the component insulation,
it is assumed that the two faces of the insulation are of equal area, so
that the simple equations for a plane wall may be used. Thus, if the in-
sulation covers a body such as a cube, it is assumed that the insulation
thickness is small compared to the dimensions of the cube.

Whenever insulation and evaporative coolant are used together, the
constant temperature method of evaporation control is used for the coolant.
This method assumes that the coolant vapor is discharged through a pressure
regulator, which maintains the pressure in the coolant container constant.

The equations are developed in a general form suited to the use of any
insulating material and any coolant, provided the coolant is a pure sub-
stance and evaporates at constant temperature when under constant pressure.
For simplicity, in the calculations which follow the equations are all based
on the use of water as evaporative coolant and asbestos felt insulation.

2. Nomenclature

SDefinition Units

A Area ft 2

a' Convection group, used in equation (X-2)

c Specific Heat Btu/lb-OR

H Enthalpy Btu/Ib

h Heat transfer coefficient Btu/hr-ft 2 -OR

k Thermal conductivity Btu/br-ft-0 R

L Characteristic length for free convection ft

M Weight ib

a Weight based on unit area lb/ft 2

qt Heat transfer rate Btu/hr

V Heat absorption rate Btu/hr-ft 3

T Absolute temperature OR

0
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Symbol Definition Units

U Conductance Btu/br-ft 2 -o'

x Thickness ft

x' Thickness in.

Weight density Ib/ft 3

Pressure atmospheres
(dimensionless)

SEmissivity dimensionless

Time IV

Time min

Subscripts

a Denotes compartment air

c Denotes convection value

* Denotes equipment or equipment component

evap Denotes evaporation temperature

f Denotes coolant in general

fg Denotes change of state from liquid to vapor

g Denotes generated value

i Denotes insulation

L Denotes component face of insulation on component

a Denotes average value for a time interval

n Denotes the n th time interval

o Denotes external value or initial value when used
as a second subscript

r Denotes radiation value

s Denotes outside face of component insulation

si Denotes storage value for component insulation
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Subscripts, contined

w Denotes skin

1,2 Denotes initial and final values, respectively.,
for a time interval

3. Derivation of Equations

a. External Heat Load

The external heat load due to radiation and free convection
to a box covered with insulation is calculated in the same way as in Sec-
tion IX except for a slight change in nomenclature. When insulation is
used on the equipment, the temperature of the surface exposed to the en-
virornent is Ts, so that the equation for radiation heat transfer becomes

and where the function of temperatures is given in Figure AIV-l.

Similarly, the free convection heat transfer between the equipment and
the compartment air is given by

S. hc A (T TS) (x-2)

where

1 ) -A- -1) Ti
for ~ ~ ~ ~ C the qkntt (A)3A -~2 evaluate at(.4)

In keeping ,th the practice of Section IX, equations (X-l and -2) are

used together with a plot of Ti anid Ta vs. '• found as in Section V, to cal-
culate the external heat loads.

b. Heat Transfer Throbgh the Corponent Inauation

Heat transfers fro the outer surface of the component insula-
tion at Tv to the inner surface at Te by solid conduction. This beat con-

duction cannot be treated by the simple conduction equation in a case where

WADC-TR 53-1P 2

inINl 4O •



these temperatures are changing, however, because of the thermal capacity
and resulting heat absorption by the insulation. It can be shown that for
the case of heat absorption in a solid, the rate of heat conduction into
the high temperature face is given by

q'- _UjA,(Td-T*) + Vj (Ae~i) (3

where qci is the time rate of heat absorption per unit volume in the solid.
Similarly, the rate of heat conduction out of the low-temperature face is
given by

qj n UiA,(TsmTe) - q!j (AeXi) (-~

For a basic derivation of these physical laws the reader is referred to
Reference (X-l).

Heat is absorbed in the insulation due to a temperature rise. Although
equations (X-3 and -4) are for the case of a uniformly distributed heat ab-
sorption rate, an approximation can be used based on the average temperature
rise in the form

i = ici(AzeA - (x-5)

This can then be used in equations (1-3 and -4), where Te and T. are
changed to average the values Tern and Tsm for the time interval Ar. The
value of qL given by equation (X-4) is the heat transfer rate to the in-
sulated equipment. It is this heat load which is received by the equipment
and its coolant, if any.

c. Heat Balance for the Equipment

During periods when no coolant is being evaporated, the heat
balance equation for the equipment is

(ATo
(qgt + qj) - (Mece+e fcf) 13 (x-6)

In applying this equation, Mf is zero if there is no coolant.
The heat balance for periods of coolant evaporation at constant tem-

perature is

(q + qL) A . (AMf Hfg) (1-7)

where &1f is the weight of coolant evaporated during a time interval 'r
in length.
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i4. Calculation Procedure

a. General Method

The form of the equations developed above requires the use of
a stepwise calculation procedure to evaluate the Umperature rise of equip-
ment protected by insulation and with or without evaporative coolant. It
is possible to calculate all of the heat transfer and heat storage rates
based on temperature conditions at the beginning of a time interval. These
can then be used to predict the temperatures prevailing at the end of the
time interval. When using this method, the size of the time interval must
be small to obtain accurate results. A more accurate method is to calculate
the heat transfer and heat storage rates based on the average temperature
conditions for a time interval. Since the average temperatures are not
known when starting the interval calculation, they mast be assumed and
checked later. This method therefore involves trial and error calculations.
Because of its greater accuracy this method is described here.

b. Determination of the Compartment Environment Temperatures

Before the temperature rise of specially protected components
can be calculated, it is necessary to determine the face temperature of the
skin insulation and the compartment air temperature. The variation of these
temperatures with time is determined as described in Sections IX and V.
When the calculation is completed, a plot of Ti and Ta versus r is prepared
and used in the subsequent procedures.

c, Temperature Rise of Components Without Coolant Evaporation

The procedure described here applies to periods of operation
in which there is no evaporation of coolant. To begin calculation for a
time interval, it is necessary to assume values for the final temperatures
of the equipment and the final face temperature on the component insulation.
These are then used with the initial values for the interval to calculate
amerage temperatures, such as Tga - (Ts 1uTs 2 )/2. The values of Ti2 and Ta2
are then found from the plot of the previous calculation for the end of the
time interval, and used to calculate Tim and Ta. When all of these average
temperatures are found, the radiation and free convection heat loads are
calculated using equations (1-1 and -2). The surface areas Ar and Ac re-
quired for this purpose are defined in Section I1.

Equation (X-5) is used next to calculate qri, and qL is determined by

the relationship

qj- q;- qai(Aexj)

which is obtained by combining equations (1-3 and -4).

Equation (X-6) is next solved for ATe, and Te2 is calculated from

0 O
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Tel+ aTe. This value should be in substantial agreement with the
value assumed at the start of the interval calculation.

The average insulation temperature (Tsm+Tem)/2 is found next, and the
component insulation conductance is evaluated at this temperature from

Ui a (kj/xj)

Equation (X-3) can then be used to calculate q•, which should agree with
the value of external heat load due to radiation and convection as found
earlier. If Te2 is found to be substantially correct, but q• is in error,
the value of Ts. must be revised in the next trial. In doing this, it
should be observed that reducing T gives a greater value of q• as deter-
mined for radiation and free convecion, and conversely. Also, reducing
Tsm reduces the value of qt determined by equation (1-3), and conversely,
provided that Tsm > Tem. Agreement on both q, and Te 2 must be achieved be-
fore the interval calculation is finished.

The calculation described above is rather difficult, and it is recom-
mended that a plot of T.2 and Ts 2 be kept by the computor and used to ex-
trapolate for assumed values. The external heat loads are quite accurate
for time intervals representing changes of Ti of as much as 40°F. The ac-
curacy of the temperature rise of equipment is therefore dependent on the
degree of accuracy insisted, upon in obtaining agreement for q1 by the two
calculations used. The special methods required to determine the initial
temperatures for the first interval are given in the Appendix to this Sec-
tion, together with a detailed procedure and example of the above interval
calculation. If this calculation is used for a case using evaporative
coolant, the last interval of the initial period of temperature rise must
be just the right length so that Te2 a Tevap. This interial will therefore
in general require more trials for its successful calculation than the
others.

d. Calculation for the Period of Constant Temperature Evaporation

The procedure described here applies to periods of operation
when a coolant is evaporating at constant temperature, and therefore holding
the equipment temperature constant. The external heat load is calculated
as before, based on Tam, Tim and Tsm. Since Tam and Tim are available fram
a plot by previous calculation, and since Te is constant and equal to Tevap,
it is only necessary to assume values for T 2.- With q determined, qi is
calculated with equation (X-4), and equation (X-3) is solved for Tsm(Using
the equation as based on the average values Tern and Tsm instead of the in-
stantaneous values of Te and Ts). The value of Uj must be based on
(Tsm+Te)/2 for this. If the calculated value of Tsm agrees with that as-
sumed earlier q. is then calculated, after which aMf is found from equation
(1-7). When Zt)h - Mfo, all of the coolant is evaporated, and the pre-
vious procedure is resumed using Mf a 0. If the value of Tsm calculated
does not agree with that corresponding to the assumed value of Ts2, the in-
terval calculation must be repeated for agreement before LMf may be deter-
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mined. It is well to experiment in amy case to determine what agreement
must be had betwreen the assumed and calculated Ts 2 to achieve desired ac-
curacy in A~i. This can be done with one interval by repeating it to per-
fect agreement and comparing the final result with those of earlier trials.
The last interval of this calculation must be selected of such length that
the coolant is just used up at the end of the interval. Time intervals can
be selected in length so as to hold (Ti2-Til) to about 40OF or less, al-
though the calculations are quite accurate for larger intervals. A detailed
procedure and example of this interval calculation are given in the Appendix
to this Section.

EFFECTS OF UEUIPMENT INSULATION AND EVAPORATIVE COOLANT ON THE TEMPEATTURE

RISE OF INDIVIDUAL COMPONENTS

1. Effect of Insulation Alone on Component Temperature Rise

The effect of using individual insulation on a component is shown
in Figure X-I. The component is represented as a cube of one cubic foot
volume, including the insulation on it. The characteristics of the com-
partment, the uninsulated equipment, and the environment temperatures are
given in Figure IX-8. The characteristics of the insulated component are
given in Figure X-1. The cases shown are for no heat generation by the
insulated component, and no cooling eftect. The insulation used is asbes-
tos felt, having a density of 36 lb/ft and a specific heat of 0.2 Btu/lb-°R.

It is apparent that the application of insulation of increasing thick-
ness reduces the component temperature by an amount which is apprcacmately
proportional to the insulation thickness. In the case of the thickest in-
sulation the component is held about 70°F below the temperature it would
assume without insulation. It is interesting to note that a significant
portion of this temperature reducing effect is due to the thermal capacity
of the insulation, as distinguished from its insulating effect. To illus-
trate this, a case is shown for a component with no insulation, but having
an added thermal capacity equal to that of a 1/2 in. covering of the as-
bestos insulation. This shows the temperature reduction due to the thermal
capacity alone to be about 36 percent of the total temperature reduction
obtained with the insulation. In many cases insulating effect is affected
adversely by an increase in insulation density. In an application of this
type, however, there is a compensating effect due to the increased thermal
capacity of more dense insulation. This is important here because the more
dense insulations are less fragile and better suited to application on the
outside of a component.

In the cases of Figure X-1 it is assumed that the external size of the
insulated cube is constant. Therefore an increase of insulation thickness
results in a decrease of internal volume for the insulated component. The
use of 1/2 in. of insulation in such manner for a one cubic foot external
sise reduces the internal volume by approximately 25 percent. The relative
worth of insulation as compared to evaporative coolant on a volume basis is
considered later in this Section. It can be inferred from the example just
quoted, however, that the space requirements of insulation are rather large
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for the temperature effects produced.

It nuat be emphasized that the temperature rise behavior exhibited by
the cases of Figure X-1 is for components which do not generate heat. With
components which generate beat, it is possible that insulation would pro-
duce an undesirable effect. If the heat generation rate is great enough to
bring the component to a higher temperature than the compartment air, insu-
lation would act as an unwanted barrier to the free convection cooling ef-
fect that would result. Whether or not this condition would exist in ax
case can be determined from the environment temperatures and the temperature
rise for a perfectly insulated component. The equation for heat balance of
a perfectly insulated component is

I /~ (ATe)

This can be used to construct a plot of Te vs. r, which can then be com-
pared with the environmental temperature plot of Ti and Ta vs. r. If Te
for the perfectly insulated equipment is at any time greater than Ta, then
during such periods the insulation would be undesirable from the standpoint
that it prevents some cooling effect by the compartment air. It may still
be of some value in reducing the radiant heat load, however. In the actual
case, the periods in which Te is above or below T would not coincide ex-
actly with those as determined by the above method, since the equipment can
not be perfectly insulated. The method is nevertheless of value in a quali-
tative sense.

Although insulation has beenaown to be of some value in reducing com-
ponent temperature rise when properly applied, a definite evaluation of its
worth must be based on a comparison with other methods of accomplishing the
same end. In this connection it is interesting to compare the benefits of
insulation with those resulting from an equivalent volume of water used as
an evaporative coolant. This is done in the following paragraphs.

2e Effect of Replacing Evaporative Coolant with Insulation on Com-
ponnt Te ature Rise

Figure 1-2 shows the effect of replacing evaporative coolant with
insulation on the temperature rise of a non-heat-generating component. The
characteristics of the cooled and insulated equipment are given in the fig-
ure, while the environment characteristics are taken from Figure IX-8, as
before. The component is again represented as a cubic box, one cubic foot
in volume as based on its external dimensions. The insulation is 36 lb/ft3

asbestos felt, and the coolant is water, controlled to evaporate at a con-
stant temperature of 6100R.

In the case shown for no insulation five pounds of water are provided
as coolant. In the other cases a reduced amount of coolant is provided so
that the total volume of the insulation plus the coolant is equal to the
volume of five pounds of water* Since the external volume of the cube is
sonstant, this provides a means of comparing the worth of the coolant with
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that of the insulation in three cases which provide the same free installa-
tion volume inside of the insulation. It is readily seen that it is poor
practice to replace some of the coolant with an equ*1 volume of insulation,
since the external heat load to the component is not reduced sufficiently
that the remaining coolant can provide the same flight duration before it is
used up. This proves that from the standpoint of space requirements evapo-
rative cooling with water is a much more effective way of reducing component
temperature rise than is the use of asbestos insulation. This is even more
true in the case of heat generating components, since evaporative cooling
does not hamper the convection cooling effect -when the component temperature
is above the compartment air temperature.

It is emphasized that the conclusion concerning the greater worth of
evaporative coolant as compared to insulation is based on the comparison of
water and asbestos insulation. It is not always possible to use water as
the evaporative coolant, since properties of the coolant such as freezing
point, dielectric strength, or chemical inertness may be critical. Con-
sideration of these factors may dictate the use of a coolant which has a
much lower value of latent heat per unit volume. Since this is actually
the cooling effect per unit volume, the use of such a coolant could be less
profitable than the ise of an equivalent volume of insulation under some
circumstances. Unfortunately, it is not practical to set definite limits
on this possibility because of the many independent variables involved. It
is therefore recommended that the reader apply the analytical methods of
this Section to investigate the relative merits of coolant and insulation
for whatever combination of physical properties is of interest to him.

Figure X-3 is for the same conditions as Figure X-2, except that the
component generates heat at the rate Q - 3413 Btu/hr. For the single in-
sulation thickness considered, the effects are qualitatively the same as
observed from FigAre X-2. In the case of the heat generating equipment,
however, the reduction in flight duration is a much greater percentage of
the total when some of the water volume is replaced with insulation. For
an insulation thickness of 1/16 in., the flight duration is reduced about
15 percent for non-heat generating equipment, while it is reduced over 29
percent for the component with q - 3413 Btu/br.

DESMN CO IDEATIONS FCR USI[ INSULATION TO PROTECT INDIVIDUAL CGONENMS

As indicated in the discussion of the calculated cases, the use of in-
sulation as a means of protecting individual components is probably most
applicable for non-heat generating components. Wherever it can be used,
insulation has three important advantages over other means of protection
such as the use of an evaporative coolant. First, the insulation requires
no control apparatus or piping of any kind, and therefore conserves the
compartment space that would otherwise be required for installing these
items. Second, the physical simplicity and simple function of the insula-
tion insures absolute operational reliability. So long as the insulation
is in place and undamaged, it must perform the task for which it is properly
intended. Third, the insulation is applied externally and would not ordi-
narily require ary alteration in design of the component which it protects.
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A proper application of evaporative cooling, on the other hand, requires
that the coolant container and component be integrally designed so as to
give adequate cooling effect by means of good thermal conductance between
the coolant and all parts of the protected component. If the component is
immersed in coolant, both the component and the external case must be de-
signed for proper sealing of the coolant. Either method of applying evapo-
rative coolant is not so likely to be suited to presently existing equip-
ments as is insulation.

Where insulation is to be applied as the sole means of protection for
a non-heat-generating component, the calculation method given as Procedure
A in the Appendix to this Section may be used for design purposes. Assuming
that the component temperature rise without any insulation has already been
determined (qci a O, Ts - T.) an insulation thickness should next be assumed.
The procedure -is then used to determine the temperature rise with the as-
sumed thickness and type of insulation. If the result is not as desired,
the thickness is altered with due regard to the approximateLy linear rela-
tionship between the reduction of temperature rise and the insulation thick-
ness*

When both insulation and evaporative coolant are to be considered, a
logical design procedure begins with determining the amount of coolant re-
quired to give the component temperature rise desired. The design method
of Section 1H can be followed for this purpose. Next the insulation re-
quired to give the same temperature rise in the same time is found as indi-
cated in the previous paragraph. The volume requirements are then deter-
mined, and considered together with any other pertinent criteria to select
either the insulation or the evaporative coolant. This double design pro-
cedure will indicate the superiority of one •stem or the other, or possibly
that they are equivalent in their advantages.

It is also possible that a combination of insulation and evaporative
coolant exists which is superior in terms of volume requirements to the use
of either alone. This possibility exists because of the change of environ-
mental temperatures in the compartment with time. In other words, under
some environmental temperature conditions, a given volume devoted to insula-
tion may reduwe the heat gain to the component by an amount greater than the
total latent heat of the same volume of coolant. At other times, when the
environmental temperatures are not so great with respect to the component,
the reverse could be true. It would therefore seem that if the volume re-
quirement of using coolant alone is substantially less than that of insula-
tion alone, the use of some insulation together with the coolant should be
considered (Procedures A and B of the Appendix to this Section), since a
smaller total volume of insulation and coolant may be found. If the volume
requirement of insulation alone were substantially less than that of coolant
alone, the same procedure could be followed. It is less likely to be
profitable, however, because of the desirability of avoiding coolant alto-
gether where the much simpler insulation will suffice. Carrying the design
procedure to the point of considering using both protective measures to-
gether is justified only where installation space in the compartment is ex-
tremely critical and where the volume of insulation and/or coolant is quite
large, as might be the case where long flights at high speed are contemplated. O
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AnnPENDfC TO SECTION X

1. Calculation Procedures

Calculation procedures and example calculations are given here for
the interval calculations required to evaluate the temperature rise of equip-
ment protected by insulation. The procedures apply to individually insulated
items, and it is assumed that these items are located in an uncooled com-
partment with or without skin insulation. In addition, the individual3ly
insulated items may also have an evaporative coolant provided for their
protection. It is assumed that the individual components having these spec-
ial c&--,cteristics are only a small portion of all the equipment in the
comparvw-t t.

The determination of the compartment air temperature and the face tem-
perature of the skin insulation is done by the general calculation method
in the Appendix to Section V, and is not repeated here. Figure IX-8 (previ-
ous Section) shows a plot of these environment temperatures determined by
such a calculation. This plot is used for calculating the external heat
loads to the special equipments studied in the subsequent examples.

Procedure A: Calculation of Temperature Rise of Insulated Components
Without Coolant Evaporation

Given Data:

compartment and average uninsulated equipment characteristics as
shown in Figure IX-8

thermal capacity of insulated equipment Mace 4 4.6 Btu/°R

heat generation of insulated equipment q4 a 853 Btu/hr

weight of coolant (water) 11ý - 3.05 lb

total surface area of insulated component A. - 6.0 ft 2

total surface area available to free covection Ac - 6.0 ft 2

total surface area available to radiation Ar n 3.96 ft 2

surface emissivities c i 0.10, Es " 0.20

characteristic dimension of insulated box L - 1 ft

compartment pressure 8 - 2.5

component insulation of asbestos felt xi - 0.00521 ft

thermal capacity of component insulation per unit volume
lici -7.2 Btu/ftOR

WADC-TR 53-114 )439

LIIXA



,C, J I D ENT |L

Tel1 w 92 0 at 'r- O k; T9 1  497°R at r aO0in

le Select a -r and assume Ts 2 and TO2 .

Sr a 0.0833 br

Te2 a 506.60R
T92 = 53.-.4R

2. Calculate T., - (T, 1 *T,2)/2 and Tam (Te*+Te2 )/2.

Tam - 499.3 0R

3. Get Tilj Tal, Tj 2 and Ta2 from Figure IX-8.

Til a 728°RTal = 552OR
T12 = 74OR
Ta2 a 60 R

4. Calculate Ti . (Til+Ti 2 )/2 and Tam , (Ta 1 4'ea2)/2.

Tim- a736R
Tan = 559oR

5. Calculate

h, 1. f 4 ( _ ...., ) • B

taking B from Figure AIV-1 for Tim and Tsm.

i. 1.2•-x•A 90 - 0.3225 Btu/h.-ft 2 .OR

6. Calculate c. bj. .(Tim.•.m)

c4 w 0.1225x3.9 6x231.8 - f1.25 Btu/bw

7. Calculate (Tam4==)/2 and get (a&'L4//•2) at this mean tempera-
ture from Figare AIV-3.

a, Li/U
aL - 0.2838

8. Calculate h0 - (a'L1// 8/2)( ýl/2/L.,A) (TTam )1/4

he 0.2838xl.58x2.720 - 1.22 Btu/hr-ft 2-OR
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9. Calculate %~ - hrc(Taf-TaK)

1 l.2zd=z5.8 - 401 Btu/w

10. Calculate q;oq +q4

q - 513.5 Btu/br

3.. Calculate O Te T (Te2-.Tel) and ,Tg - (T.2-Tsl) and

aTe+ ,,Tsq•i = •±ci 2 &or

A To - 14.6%1
&TO - 1-*

qi - 7.2 --12 Btu/ft 3-brT0833)2

12. Calculate q q"% - i(Ax)

q - 513.5-1252xW.0313 - 47h.3 Btu/hr

13. Calculate
(q'+j

aTe (9+4 17h.)00833 . 14.4oR
496+3.O5

14. Calculate T.2 Te1+ ATe

Te 2 , 506.4"R

This result should agree with the value assumed in step 1.

15. Calculate (Tgm+Tea)/2 and get ki at this temperature.

- o.0884 Btu/hr-ft-0 R

16. Calculate Ui w (kj/xj)

Ui a 16.97 Btu/hr-ft2 -°R

17. Calculate q.- UA,,(TC•-T 6 ) (•--)

- 16.97x6x&.9+1252w0.O156 - 517.5 Btu/hr

This value should agree with that calculated in step 10. If not,
Ts is incorrect and new values of T.2 and Te2 should be used in a
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repeated trial calculation. When satisfactory agreement within
the desired limits of accuracy is achieved, continue to the next
interval using the final values of T,> and T for this interval
as Te1 and T 1 in the next. It is emphasised that agreement of
the values of both q and T.2 are to be achieved before the above
interval calculation can be considered complete.

When working with the first time interval in a calculation such as the
above, it is necessary to know the initial values of Ti, Ta, Ts and Ts. All
of these are known except T., which is found as follows. For the time -r a O,
assume To beteen Ta and To. and calculate

q& UiAe(Ts-Te)

where Ui is evaluated at (TsTe)/2. Then calculate (Ta+Ts)/2 and calculate
q• by equation (1-2) basing bc on this average temperature. Next use equa-
tion (1-1) to calculate 4. The mu (q ) should equal I found above.
If (q;+4) > q&, increase the value of Tslor the next triand converseJ7.
Repeat this unt1l the correct value of Te is found.

Procedure B: Calculation for the Period of Constant Temperature

Evaporation

Given Data:

All data are the same as in Procedure A. In addition, the coolant
(water) is vented such that its boiling temperature is 6100R.

enthalpy of vaporization at 7100R Hfg = 1008.2 Btu/3.b

Steps I through 10 are identical to Procedure A, except that Te
is constant and. Te a 0. Making the calculation for qo as based
on the time interval from r - 0.671 hr to r - 0.833 hr gives
q640 Btu/hr as the result of step 10. ATg is assumed as 2.8%.

11. Calculate q! i_ "ici ( "TO

a = 62.2 Btu/•r.ft 3

12. Calculate (Tsm+Te)/2 and get ki at this average temperature.

ki- 0.104~9 Btu/br-ft-0 R

13. Calculate Ui - (kj/xi)

-i 20,1 Bta1/hr-ft2 -9R

am e42J. CacaJuate T .+. 4 L.J
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* Ta -610+ ÷615.3 0R

This value should agree with Tsm as calculated from the assumed
value of Ts2 (for this interva!, this value was Tsm - 615.I°R).
If not, repeat, using a new assumed value of Ts2 until agreement
is achieved.

15- Calculate qL - q;.q!9i(Aexi)

qv - 640-62.2x6xO.O0521 638 BtW/hr

16. Calcueate

Mlg

(853+6)xO.162 0.29

17. Calculate V( 11)n for the n intervals calculated during evapora-
tion, ending with the current one. When the sum equals Mf of the
given data the evaporation process is completed.

2. References

(X-1) Jakob,, M. Heat Transfer Vol. I, John Wiley and Sons,
Inc., New York, 1949, pp. 167-169.
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SECTION XI

CRITERIA FOR S EITION OF ME&AS TO LIMIT TEWPERATURE RISE

By T. C. Taylor

In Sections V through X a number of methods of limiting the temperature
rise of equipments in compartments of high speed aircraft are considered.
In most of these Sections design procedures are presented, showing how to
design the given systen for a specified temperature rise. However, in deal-
ing with a specific problem to limit the temperature rise of equipment, it
is not always apparent which of the methods to use. It is therefore neces-
sary to follow a logical procedure whereby those methods which are not
suited to the specific problem may be eliminated. Designs for the remaining
methods can then be considered in greater detail to find the one which is
most appropriate.

Figure XI-I is a summry chart showing all of the systems considerod
in Sections V through X. The method shown at the top of the chart consists
of the uncooled compartment, using only skin insulation and thermal capacity
to protect the equipment against excessive temperature rise. This is the
simplest method of protection, involving the least physical complication in
the compartment. The methods shown below aid to the right represent systems
which protect the equipment more effectively against temperature rise, but
which involve special apparatus over and above that used in the simple un-
cooled compartment. In general, the farther down a system is on the summary
chart, the more effective a means it is of limiting equipment temperature
rise. Below and to the left of the uncooled compartment are shown methods
of protecting individual equipment components against excessive temperature
rise. As with the methods for protecting all of the equipments in a com-
partment, those for individual components are also shown in order of ascend-
ing effectiveness. The means for protecting individual components are con-
sidered in cases where the uncooled compartment is sufficient for most of
the equipment. but where a few critical components must have special pro-
tection.

Among the systems used to protect an entire compartment and among those
used for critical components there is corniderable overlap in performance.
In many cases it could be very difficult to select one system in preference
to another on the basis of performance alone. In addition, however, there
are usually other factors of a structural or functional nature which may
preclude the use of one system or indicate the desirability of another. The
importance of such factors is dependent on the circumstances of the particu-
lar design, and so cannot be ascertained quantitatively here. The remainder
of this Section is devoted to the problem of selecting a protective system
on the basis of its thermal performance. The structural and functional
factors likely to be involved are also considered briefly, although their
final evaluation is largely a matter of individual judgement. Systems for
protecting all of the equipment in a compartment are considered first, and
those for individual component protection later, Within each category the
systems are considered in the order shown in Figure I-1.
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THEUL CAPACITY

SPROTECTIO PROTECTING
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AIR-TO-FUEL HEAT
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AND THERWAL CAPACITY

FUEL-COOLED MOUNTING
EVAPCRATIVE

PLATE, INSUIATICK9
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AND THERWAL CAPACITY

Figure XI-i

Suumary Chart for the Methods of Protecting
Equip•aent fron Excessive Temperature Rise
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corIATiIAL
NOMCIAUE Definition units

a Specific heat Btu/lb-OR

a Weight, based on unit skin aea lb/ft 2

q Heat flux, based on unit skin area Btu/hr-ft 2

T Absolute temperature OR

I Time br

Subscripts

abc Denote example cases, Figure XI-2

d Denotes design value

e Denotes equipment temperature

ed Denotes design value of equipment temperature -
maximum allowable value

eo Denotes initial value of equipment temperature

g Denotes generated value

o Denotes external value

w Denotes skin value

GENERAL INFORMATWMN PREMUISITE TO SYSTEM SELECTION AND DESIGN

In order to make final selection and design of a system for limiting
the temperature rise of equipment, it is necessary to know all of the char-
acteristics of the campartment and equipment that influence the heat trans-
fer processes. If some of these characteristics are unknown and cannot be
estimated, it is not possible to evaluate the heat transfer processes and
hence the amount of cooling or other protection required. The significant
information prerequisite to the selection and design of a protection system
is summarized as follows:

1. The skin temperature of the aircraft.

2. The total amount of skin surface in direct thermal conmmnication
with the equipment conpartment.

3. The total surface area of the equipment available for free convec-
tion heat transfer.
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4. The total surface area of the equipment available for radiation

heat transfer with the skin or skin insulation.

5. The emissivities of all surfaces involved in radiant heat transfer.

6. The equipment temperatire at the beginning of flight.

7. The allowable equipment temperature rise.

8. The desired flight duration.

9. The total weight of equipment and its average specific heat.

10. The total heat generation rate of the equipment.

1i. The required compartment air pressure.

12. If an ultimate coolant, such as fuel, is to be used, the quantity
and temperature-time history of the coolant available, and the
physical and thermodynamic properties of the coolant.

13. If insulation is used., the physical and thermal properties of the
insulation.

For analyzing the heat transfer processes of a compartment as a whole,
it is convenient to express the equipment convection area, weight, and heat
generation on the basis of unit ccmpartment skin area (referring to the
skin of item 2). The method of doing this is given in detail in Section V.
For analyzing the heat transfer processes for a specific component, these
items are expressed as total values for the component involved. Examples
of this practice are found in Sections IX and X.

SELETION CF SYSTEMS FC PROTECTION OF ALL IQUIM4NTS IN A COMPARTMENT

1. General

As a first step in selecting a means for protecting all of the
equipments in a compartment from excessive temperature rise, it is well to
employ a graphical representation of certain salient factors involved. Fig-
ure 11-2 is a schematic example of this. The initial equipment temperature
and maximum allowable equipment temperature are plotted versus a time axis
representing the duration of flight, as shown at points Teo and Ted, re-
spectively. Since the problem here is confined to that of equipment tem-
perature rise in high speed flight, the skin temperature would be somewhere
above the maximum allowable equipment temperature, as indicated by TW. Next
a line is constructed to represent the equipment temperature assuming that
the equipment is perfectly insulated, and therefore exchanges no heat with
its surroundings. The equation for this line is

Te Teo + (Lq-)
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Ot

TWTec

Teo

Figure XI-2. Schematic of First Step in Selection Procedure

from which it is seen that the equipment temperature rise is assumed to be
due to the heat generation alone. Three examples of such a line are shown
as (a), (b) and (c) in the figure, and correspond to the three general pos-
sibilities. In the case shown as (a), the temperature of perfectly insu-
lated equipment at the end of the flight is less than Ted. This indicates
that the temperature of an actual equipment could be prevented from exceed-
ing Ted if sufficient insulation of the skin is provided such that

' (mece)(Ted-Teb)

So many factors are involved that it is impossible to state at once whether
the use of insulation alone would be practical. A case such as (a) indi-
cates that it is theoretically possible, however, so that the uncooled com-
partment. using only skin insulation, should be given first consideration.
When the equipment does not generate heat, the case is represented as a
horizontal line beginning at Teo. This is obviously in the same category as
case (a) of Figure XI-2., and requires that the uncooled compartment be con-
sidered first. In the case shown as (b) the temperature plot for perfectly
insulated equipment intersects the point Ted. It is therefore apparent that
absolutely perfect insulation would have to be provided in this case if
nothing but insulation were used as a protection for the equipment. Achiev-
ing this performance with insulation alone is therefore a practical impossi-
bilityq since an infinite thickness of insulation is required. In practice
the effect of perfect insulation or a slight cooling effect can sometimes
be achieved with a fuel jacket for the compartment. Cases such as (b)
therefore require that first consideration be given to the use of a fuel
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jacket. If this possibility is excluded, some cooling method must be em-
ployed in addition to skin insulation. In the case shown as (c) the tem-
perature of the perfectly insulated equipment is greater than Ted. Since
external heat loads to the equipment would cause the actual temperature to
exceed T., at rd, it follows that a case of this type absolutely requires
some cooling effect in the compartment. The designer should therefore
eliminate consideration of an uncooled compartment, unless he is at liberty
to increase the therml capacity mce to such an extent that the cse can be
made to fall in the class of case(a).

..The principal value of this preliminary graphical analysis lies in the
possibility that it may eliminate unwarranted detailed consideration of the
uncooled compartment. Otherwise a detailed consideration of all possibili-
ties beginning with the uncooled compartment and following the order of the

.following paragraphs is required.

2. The Uncooled Compartment

As long as the temperature of perfectly insulated equipment can
be represented by a plot such as that labeled (a) in Figure 11-2, where
Teo Ted, the uncooled compartment is a possible means of preventing ex-
cessive equipment temperature rise. As the cases considered approach
closer to case (b), the use of the uncooled compartment becomes less practi-
cal because of the great insulation thicknesses required.

A detailed consideration of the uncooled compartment involves determina-
tion of the insulation thickness required. This is done by the method given
in the design portion of Section V, using either the calculation procedures
or the given charts, if applicable. When this is completed. it must be de-
termined from judgement of the particular case whether the required insula-
tion thickness can be accommodated in the compartment or not. If the insula-
tion thickness required is excessive, the use of a smaller amount of insula-
tion together with some added thermal capacity in the compartment should be
considered. As shown in Section V, the flight time required to produce a
given temperature rise under given conditions of heat load is directly pro-
portional to the thermal capacity. Therefore the use of deliberately added
thermal capacity with the equipment is a powerful means of preventing ex-
cessive equipment temperature rise in an uncooled compartment.

It is worthwhile to devote considerable attention to the design method
of Section V, and to use the facilities of the compartment to accommodate
thick skin insulation and added thermal capacity as completely as possible.
The performance of these two elements in preventing temperature rise is very
reliable when they are properly installed, and free of the possible perform-
ance failures which attend the use of more elaborate protection measures.
In general the relative value of space within the compartment and space near
the skin in a given installation must be the criterion of whether to empha-
size the use of insulation or of thermal capacity. Although the use of
either or both in proper amounts may be possible to achieve a specified
limit to the temperature rise, in cases where weight is a critical factor
it may be desirable to seek an optimum combination of the two which repre-
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sents a minimum cost in terms of added weight. From this viewpoint axr
added thermal capacity should be achieved by using a substance of high
specific heat, such as water, and the insulation should consist of light-
weight, effective materials.

In general the process of designing for an optimum combination of in-
sulation and thermal capacity, from the standpoint of minimum weight or
minimum volume, involves considerable cumputing labor. It is necessary to
select a range of thermal capacities (representing the total of equipment
and deliberately added thermal capacity) and then determine the correspond-
ing insulation thicknesses. This requires a repeated application of the
methods of Section V. On completing these calculations, the weight and/or
volume requirements of the insulation and added thermal capacity are deter-
mined., and their sum in each case is plottTe--ainst a parameter describing
either the amount of insulation or the added thermal capacity. Such a plot
is then inspected to find the optimum design, or minimum point. It is pos-
sible that no optimum combination may exist, and that such a procedure
would simply indicate that the result should be achieved either entirely
with insulation or entirely with added thermal capacity. In general, it is
not possible to predict whether an optimum design exists, because of the
wide variation in materials and their physical properties which might be
used in many combinations to achieve the insulation and added thermal ca-
pacity effects. If at the end of such a design effort it is found that no
use of insulation, thermal capacity, or combination of the two is satis-
factory, it is necessary to go on to the consideration of more elaborate
protection methods.

3. The Fuel-Jacketed Compartment

In order of increasing effectiveness in protecting equipment from
excessive temperature rise, the fuel-Jacketed compartment follows the un-
cooled compartment. The fuel jacket consists of flat ducts or other ap-
propriate means for forming a shield of fuel between the equipment and the
skin of the compartment. In the interests of conserving installation space
within the compartment, this jacket should obviously be located as near the
skin as possible. Usual practice also requires insulation between the skin
and the jacket, both to prevent exposing the fuel to the high skin tempera-
tures and to limit the heat transfer from the skin to the fuel. It is em-
phasized that this fuel jacket need not surround the entire compartment
unless the skin does. The fuel jacket is only provided to cover the area of
the inner face of the aircraft skin which is in direct thermal cominunication
with the compartment.

The fuel-Jacketed compartment is effective in dealing with cases simi-
lar to that plotted as (b) in Figure XI-2. Since the fuel temperature is
usually considerably below the temperature of the skin and of the same order
as the temperature of the equipment, the fuel jacket tends to function as a
nearly perfect insulator. The equipment receives some heat, however, if the
fuel temperature is greater than the equipment temperature. Conversely, the
equipment is cooled somewhat if the equipment temperature is above the fuel
temperature. It is shown in Section VI that the true plot of equipment tem-
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perature versus time must be between the plot of fuel temperature versus
time and the plot for the temperature of perfectly insulated equipment.
Therefore it is possible to establish a range of temperatures within which
the equipment temperature must be before making a detailed design. (The
range is approximate if the temperatures on entrance to the fuel jacket are
used, since heat gains or losses of the fuel should actually be included in
establishing its average temperature, as pointed out in Section VI.) If
this range of temperatures is entirely below Ted, and temperatures in the
range are not detrimental to proper equipment operation, the fuel jacket is
satisfactory from the standpoint of temperature rise performance. When Ted
is somewhere within the range of temperatures as described above, the entire
design procedure of Section VI should be used to determine the significant
details and predicted temperature rise performance of the equipment. If Ted
is below the range of temperatures between the fuel temperature and the tem-
perature of perfectly insulated equipment, it is impossible to limit the
equipment temperature to the value of Ted with a fuel jacket alone. If this
is the case, it may be worthwhile to consider adding thermal capacity to
lower the temperature rise of perfectly insulated equipment.

The factors mentioned thus far have dealt on3y with the temperature
rise performance of equipment in a fuel-jacketed compartment. With this
type of compartment there are a number of functional and structural consid-
erations of importance. The fuel jacket cannot be used if the resulting
heat addition to the fuel would cause enough temperature rise to interfere
with proper distribution and performance of the fuel in the power plant.
In addition, the presence of a fuel jacket virtually precludes accessibility
to the compartment through the jacketed surfaces, and the duct system in-
volves more leakage hazard than where the fuel is not used for auxiliary
purposes. Finally, in cases where the skin temperature is quite high, the
insulation thickness required to protect the fuel from exposure to high tem-
perature and objectionable heat gain may be excessive. In cases where these
considerations or unsatisfactory equipment temperature rise indicates that
a fuel-jacketed compartment cannot be used, it is necessary to consider one
or both of the cooling methods which follow.

4. The Compartment'With an Air-to-Liquid Heat Exchanger

Where the equipment generates enough heat to be of the type shown
as case (c) in Figure XI-2, a cooling method must always be used, since re-
moval of some of the generated heat is required as well as protection from
external heating effects. In a compartment with an air-to-liquid heat ex-
changer the cooling effect is achieved by using circulated air to transfer
heat from the equipment to a heat exchanger using fuel or some other suit-
able primary coolant. In addition, skin insulation is used to reduce the
external heat loads to the equipment and thus reduce the over-all heat load
to the heat exchanger. Where two principal elements of design such as in-
sulation and the heat exchanger are present, it is necessary to consider
various combimtions of the two in order to achieve the best design. A pro-
cedure and example of designing for a minimum total requirement in either
weight or volume is given in Section VII.
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It is obvious that the use of a system of this kind assumes the availa-
bility of a coolant which is at a lower temperature than Te. Just how far
below Ted the fuel or coolant temperature must be is depenent on a number
of factors, including the amount of cooling effect required, the air circu-
lation rate, and the effectiveness of both the equipment and the heat ex-
changer as heat transfer devices. It is not possible to generalize these
factors sufficiently to determine whether or not a given temperature differ-
ence is feasible in advance of preparing a detailed design. It should be
observed, however, that the use of air as the secondary coolant must neces-
sarily impose a rather large temperature potential between the equipment and
the fuel as a prerequisite to a large cooling capacity. Any attempt to de-
crease this temperature potential must involve increased weight and size in
the heat exchanger and/or increased power requirements for circulating the
air. If fuel is unsatisfactory as a coolant in this application, but other
coolants are available, the design procedure of Section VII can still be
used, provided information is available to describe the variation of coolant
temperature with flight time. If such a coolant is provided expressly for
this application, its storage space and weight requirements are chargeable
to the design when comparing it with other possible methods of achieving the
same result. In cases where fuel is used as the coolant, and where the heat
generation rate of the equipment is small, the compartment with a heat ex-
changer may compare unfavorably with one which uses a fuel jacket. In the
former the equipment receives heat from the skin, which them requires an
appropriate temperature potential for its transfer to the coolant. In the
fuel jacketed compartment the equipment is protected from skin heat transfer
and free convection and radiation may be sufficient to take care of a low
heat generation rate.

In addition to considerations of performance and space or weight re-
quirements, there are a number of functional and structural considerations
involved in the use of an air-to-liquid heat exchanger. One significant
advantage of this system is that the use of air as a secondary coolant does
not require special component design, since most components are suited to
operation in an atmosphere of air. Furthermore, the use of a duct distri-
bution system with a secondary coolant permits wide freedom in the location
of the cooled components. Finally, the interposition of the equipment be-
tween the skin and the coolant greatly reduces the over-all heat load to
the coolant as compared to that involved when a fuel jacket is used. There-
fore, the heat exchanger system can generally be used where smaller amounts
of coolant are available. There are also disadvantages to the use of a heat
exchanger and forced-air system. One obvious disadvantage is the apparatus
required to circulate the air properly, including ducts, blower and motor.
Since the air mast be properly directed around the cooled components, the
baffles or casings required for this are likely to present a problem where
different components must be connected through moving mechanical linkages.
The designer should carefully weigh the importance of these advantages and
disadvantages in comparison with those of other cooling methods, such as
fuel-cooled plates, before making a final system selection.
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S. The Compartment With a Fuel-Cooled Mountin Plate

Another method for cooling equipments in cases of the type (c) of
Figure XI-2 is to use a fuel-cooled mountibg plate. This naturally assumes
that the fuel to be used as a coolant is available at temperatures below
the maximum allowable equipment temperature. The fuel-cooled surface is a
metal plate or structure, through which there are passages for the circula-
tion of fuel coolant. The cooled equipment components are-attached to the
plate in a manner which provides a good path for the direct conduction of
heat from the components to the plate. As with the heat exchanger discussed
previously, skin insulation may also be used in the compartment. A detailed
procedure and examples of the design of fiel-cooled mounting plates are
given in Section VIII.

An outstanding characteristic of this method of cooling equipment is
that it can be used to maintain the equipment at a temperature quite close
to the coolant temperature. In order to take full advantage of this, how-
ever, it is necessary to design the equipment components specially so that
they effectively conduct heat to whichever of their surfaces or parts are
attached to the fuel-cooled plate. With metallic mechanical equipment this
need present no problem. With components which are assemblies of a number
of small heat generating bodies, each as electronic equipment, special de-
signs which differ somewhat from current practice would probably be required.

As with other cooling or protection methods, there are structural and
functional considerations involved in the use of fuel-cooled mounting plates.
A disadvantage of their use is that there is some restriction to the loca-
tion of the cooled components if they are all to be placed on the same
mounting plate. If certain components had to be held in a particular spatial
position with respect to others, and could not be mounted to base areas in
the same plane, more than one cooling plate would be required. Another dis-
advantage in common with the use of an air-to-fuel heat exchanger is the
pressure drop introduced in the fuel circulating system due to use of the
fuel as a coolant. However, cooling plates of high cooling capacity can
usually be designed to operate with rather small pressure drop, so that this
factor is unimportant except where fuel systems which operate at very low
pressures are used. A pronounced advantage of the method using a fuel-cooled
plate is that it does not employ a secondary coolant. The ductwork and
other circulating apparatus used for a secondary coolant are therefore not
present. This not only saves space and weight, but results in good accessi-
bility for the cooled components. The importance of these advantages and
disadvantages must be carefully weighed in the light of a specific cooling
problem before making final selection of a cooling system.

SELECTION OF SYSTEMS FOR PROTECTION OF INDIVIDUAL COMPONENTS

1. General

There are situations in which the problem of preventing excessive
temperature rise of equipment does not present any difficulty except for a
few critical components in a group. It might be found, for instance, that
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all of the components of a compartment save one or two are adequately pro-
tocted by using a reasonable ambunt of skin insulation and/or added thermal
capacity. In cases such as this it is in the interests of space and weight
economy as well as performance reliability to concentrate on providing
special protection only for those critical components which actually need
it. There are a number of factors which may result in critical temperature
rise of an individual component. As pointed out in Section IX, a component
with a low thermal capacity as compared to the average for all of the equip-
ment in the compartment rises in temperature more rapidly than does all other
equipment on the average. A component with a higher than average value of
surface emissivity behaves in similar manner if its surface is exposed so
that it receives heat by radiation. Another critical situation is that
where a component is a concentrated source of genrrated heat. In this con-
nection, it should be noted that the use of an average heat generation rate
for all of the components of a compartment in calculating their temperature
rise is based on the assumption that the heat generation is distributed
quite evenly among the components. Where this is not the case the heat gen-
erating components may require special cooling if they are to be restricted
to a reasonable temperature rise. Whether or not a specific component which
departs appreciably from average conditions requires special protection can
be determined approximately by the calculation methods of Section IX. The
environment temperatures are determined first as based on the heat transfer
processes for the average equipments. The temperature rise of the individual
component without special protection is then calculated as in Section IX, as-
suming no radiation heat transfer with the other components. If this tem-
perature rise is too great, the special protection methods described below
imust be considered.

2. The Individual Component with Insulation and/or Added Thermal

The simplest method of protecting an individual component is to
cover it with insulation an/or add to its thermal capacity. The first of
these reduces the external heat load to the component if the environment
temperatures are above the component temperature. The addition of thermal
capacity does not reduce heat loads, but tends to offset their effect of
raising the component temperature, whether the heat load be external or gen-
erated by the component. The temperature rise of a component provided with
either of these special means of protection is easily calculated using the
methods of Section IX or X. The designer should use these methods, first
assuming the addition of as much thermal capacity as is feasible in terms of
added weight and space, thereby determining if the protection problem is
within the scope of those which can be solved with added thermal capacity.
If so, the amount added may then be reduced arbitrarily until by successive
trials the proper amount for the application is found. Similarly, for in-
sulation alone, the greatest feasible thickness should be selected first,
and the temperature rise evaluated as in Section X. If the temperature rise
is less than the maximum allowable, the insulation thickness may then be re-
duced by successive trials until the minimum amount for the application is
found. In specific instances it may be desired to use both added thermal
capacity and insulation. The optimum combination of the two is likely to
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depend on an efficient utilization of space for the two protection means.
For instance, a component may consist of an assemblage of parts enclosing
certain voids, which could be used to enclose added thermal capacity (e.g.,
sealed cans of water) without penalty to the over-all size of the component.
If this were not sufficient, insulation might be added to make up the dif-
ference in performance required.

It is emphasized that the use of insulation as a means of protection for
heat generating components may be of no value, since it hinders cooling ef-
fects if the component is above the compartment air temperature. This sub-
ject is discussed at length in Section X. Added thermal capacity can be
used with benefit in any case.

It is recommended that thorough consideration be given to the use of
thermal capacity and insulation before discarding the method in favor of
more elaborate ones. The method offers a performance reliability uhich in
general cannot be achieved by more complicated means. If the method is un-
suited, and some cooling must be provided, either of the two cooling schemes
which follow should be studied.

3. The Individual Component Mounted on a Fuel-Cooled Mounting Plate

A simple method for cooling a component to prevent excessive tem-
perature rise is to use a fuel-cooled mounting plate. The same considerations
apply to this application as when cooling all of the equipment in the com-
partment in this manner. As pointed out in Section VIII, however, the method
of determining the external heat load to the cooled equipment is different
when only one or a few components are cooled. In this case the environmental
temperatures of .the compartment are assumed to be established by the uncooled
contents of the compartment. The external heat load to the cooled component
is therefore calculated just as it is for special components of the type con-
sidered in Sections IX and X. Section VIII should be consulted for the de-
tails of designing a fuel-cooled mounting plate. When a detailed design is
completed, it should be compared on the basis of the performance it offers
and all of the constructional and functional considerations involved with
another applicable cooling method, such as that described next. The general
advantages and disadvantages of cooling plates as a cooling device are dis-
cussed earlier in this Section, on page 1I-10.

4. The Individual Component with Evaporative Coolant

Evaporative cooling is the most effective means of cooling an in-
dividual component when measured in terms of its performance. Since the
evaporation temperature of any substance is controlled by its pressure, a
wide variety of coolant evaporation temperatures is available through use of
a pressure-regulated coolant discharge. The designer, therefore, enjoys
some freedom in the design of equipment components, since comparatively low
operating temperatures can be provided, if necessary. A design procedure
for finding the amount of evaporative coolant required to provide a desired
cooling effect at a given temperature for a given flight duration and known
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environmental conditions for the component is given in Section IX. The use
of insulation on the component together with evaporative coolant is con-
sidered in Section X.

Notwithstanding the wide range of cooling performance available with
an evaporative coolant, there are other considerations which may preclude
its use. The most obvious of these is the need for providing the coolant
itself. Whereas the use of fuel as a coolant is only making auxiliary use
of a medium which is already present on the aircraft, the use of an evapora-
tive coolant requires storage facilities for the coolant, with inevitable
space and weight penalties. Whether or not this presents a significant
problem depends on the size of the cooling Job to be performed. Another
disadvantage is the requirement of some adequate means of coolant control.
Although constant-temperature evaporation of an expendable coolant can be
obtained with a simple pressure regulator in the discharge line, this is
nevertheless a complication not required in the simpler protection methods.
As such it introduces a possibility of failure in performance. Other pos-
sible disadvantages are related to the manner in which the coolant protec-
tion is applied to the component. If the most complete protection is de-
sired, the component should be immersed in the liquid coolant, possibly re-
quiring special component design. For less complete but still very effec-
tive protection, the component is entirely enclosed so that it and its en-
closure are in very good thermal contact with a container of the coolant.
This results in limited access to the component or its parts. In the method
least desirable from a performance standpoint, the coolant is contained in a
mounting surface to which the component is attached in the same manner as to
a fuel-cooled plate. As with the latter, the component must then be de-
signed to give high thermal conductance from all of its parts to the plate.
The accessibility of the component is highest in this last method of appli-
cation. All of these factors must be compared with those for the other
systems before selecting a method for the protection of individual compo-
nents. A preliminary survey of these factors may eliminate one method from
consideration. Otherwise it is necessary to complete detailed designs of
two or more protection methods in order to make a proper selection from
among them.

S
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APPENDIX I

PHIBICAL JP0PM2I2ES

A table and charts are given here for pkysical properties which are
frequently required for the cAlculations described in t1is Report. The
values of temperature and pressure for the MCA Standard Atmosphere are
given in Table AI-I. Physical properties of Air and JP-3 fuel are given in
Figures AI-i and AI-2, respectively.

Table AI-i. Variation of Atmospheric Pressure and
Temperature with Altitude (N.A.C.A. Standard Atmosphere)

Altitude,p - 10* (r1 * Altitude, 10* so *
1000-ft 1000-ft

0 1.0000 1.0000 30 0.7940 0.2970
2 0.9863 0.9298 32 0.7803 0.2709
4 0.9724 0.8637 34 0.7665 o.2467
6 0.9588 o.8014 36 0.7561 0.22t42
8 0.9451 0.7428 38 0.7561 0.2038

10 0.93134 0.6877 40 0.7561 0.1851
12 0.9175 o.636o 42 o.7561 0.1681
14 0.9038 0.5875 44 0.7561 0.1527
16 0.8902 0.5 20 46 0.7561 0.1387
18 0.8763 0.4994 48 0.7561 o.126o

20 0.8626 0.4596 50 0.7561 O.1145
22 0.8489 0.4223 60 0.7561 0.0713
224 0.8353 0.3876 70 0.7561 0.0242
26 0.8214 0.3552 80 0.7561 0.0274
28 0.8077 0.3251 90 0.7561 0.0170

100 0.7561 0.0106

*0o - (TemperatureR)/519

*•o (Pressure, lb/ft 2 )/2118
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APPENDx nI
IDZUIAT ION CHURACT•RST 10S5

The use of insulation is considered as a means of protecting equipments
against excessive temperature rise in several Sections of this Report. It
is pointed out, particularly in Sections V and X, that the thermal conduc-
tivity of insulating materials varies with tenperature. Data are presented
in this Appendix to show this variation for a rumber of insulating materials.
A method is also given for expressing such data in a form which is convenient
for calculations of transient heat transfer processes.

Figure AII-I shows the thermal conductivity of a number of insulating
materials as a function of the mean insulation temperature. For practical
purposes this temperature can be considered as the average of the two in-
sulation face temperatures. For all of the materials shown the thermal
conductivity increases with increasing temperatures. Furthermore, in most
cases (asbestos being a notable exception) the variation of k with T is al-
most linear, further justifying the use of the arithmetic mean temperature
as the true mean for describing thermal conductivity. The asbestos, rock
wool, glass wool, and Refrasil insulations are loose materials that are most
conveniently used in batt form. The values shown for aluminum foil are com-
mercial values, while those shown as 0.2-in. reflective gaps are determined
analytical•y. The calculation is based on the use of three 0.2-in. gaps in
series, and accounts for both heat transfer by radiation and by gaseous con-
duction. The emissivities used are El w 0.18 and *2 - 0.18 for each gap.
The result of such a calculation is a conductance for the over-all thickness
of 0.6 in. which is converted to an equivalent conductivity for Figure AII-I.
An actual conductivity for reflective gaps would probabJy be higher than
that shown because of heat conduction through structural members required
to maintain the proper gap spacing. The properties of reflective gaps as
an insulating material are of particular interest, since this type of in-
sulation is well suited to high-temperature service, especially where the
application is short-lived as with an expendable missile.

In order to account for the variation of thermal conductivity of in-
sulating materials in a transient calculation, it is convenient to use a
plot of special form. An example of this is given in Figure AII-2* One
face temperature r the insulation is assumed to be constant at 13550R, and
the other face tevierature, which is variable, is given by the abscissa
scale. All values of thermal conductivity are then divided by the value
when the variable face temperature is 460"R, and these ratios are plotted
against their corresponding values of the variable face temperature. The
actual value of the ratio plotted for any face temperatwre is the value
which corresponds to the temperature (13554Ti)/2, where Ti is the variable
face temperature. Since for a given insulation thickness the conductance
is directly proportional to the thermal conductivity, the ordinate may be
labeled as a ratio of insulation conductances.

To use such a chart in transient calculation, it is necessary to know
the value of Ti at the beginning of the calculation, and to define the value
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of Ui as applying for this temperature condition. Then the chart is used as
in the following example.

1. Assume that at the beginning of a flight Ti - 7000 R, and that suf-
ficient insulation is provided such that Ui - 0.6 when Ti = 7000R.

2. From Figure AII-2, if rock wool is used, (U-/til) - 1.145. Then
clearly Uil - (O.6/1.145) - 0.524

3. The value of Ui at any subsequent value of Ti - a is therefore
given by

(Ui)a -U (l)a x 0.524

The use of such a chart together with the proper definition of Ui is
a worthwhile aid to transient calculations when the outside face temperature
is constant. Although the chart was prepared for an outside face tempera-
ture of 13550R, it is readily shown that it may be used for other face tem-
peratures as well, provided that (Uj/Uil) is a linear function of the mean
insulation temperature.

Assuming a linear relationship, Ui may be represented by

Ui - A +BTm- A + B-

where A and B are constants, and where Ti is the temperature of one face of
the insulation while Tw is the temperature of the other. From this, if Tw
is constant, it is clear that

dUi B- .
TT- r a cons tant

Therefore, whatever the constant value of Tw, if Ui be displayed as a func-
tion of Ti, and defined at some initial Ti the same values of Uj are ob-
tained for all other values of Ti as though a different Tw were used.

The dashed-line of Figure AII-2 represents the variation of thermal
conductivity with temperature which is used to represent rock wool in all
of the calculations of this report. From the standpoint of heat transfer
rate, it is obviously conservative compared to actual data. In addition,
however, it has the advantage of representing glass wool and reflective gap
insulation quite accurately. Since the insulation data can be represented
with good accuracy by the straight dashed line, the variation of thermal
conductivity with temperature is substantially linear. This same plot is
therefore used for skin temperatures Tw other than 13550R.
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APPENDIX III

FUEL TEMPM*ME RISE IN HIGH SPEED FLIGHT

The use of fuel as a coolant for protecting equipment against excessive
temperature rise in high speed flight considered in Sections I, II, and VI
through VIII. When fuel is to be used as a coolant, it is necessary to have
information available describing its variation of temperature with flight
time. In this Appendix equations are developed which can be used to calcu-
late the temperature rise of fuel in storage tanks which are cylindrical in
shape.

ANALYSIS

1. Assumptions

The fundamental assumptions on which this analysis is based, are:

1. The fuel tank is cylindrical in shape, with the axis horizontal

2. Heat transfer occurs through the cylindrical surface of the
tank, but the ends are perfectly insulated.

3. The tank is pressurized to prevent flashing of the fuel into
vapor. The tank contains a nitrogen bag which expands as the
fuel is used, thereby eliminating sloshing.

4. Heat transfer coefficients on the fuel-side and air-side of
the tank wall are independent of position.

5. The recovery factor is neglected, and the air temperature for
purposes of heat transfer is taken as the stagnation tempera-
ture corresponding to flight speed and altitude.

6. The tank wall and any insulation used on it have no thermal

capacity.

7. The weight-rate o'f fuel consumption is constant during flight.

8. The temperature drop due to heat transfer through the tank
wall and the skin is neglected.

9. Heat transfer to the fuel occurs only through that portion of
the cylindrical tank surface actually wetted by the fuel at
any time.

Figure AIII-l is a schematic drawing of a fuel tank described by these
assumptions. The case shown is that of a tank provided with insulation.
The cylindrical surface area of the tank subtended by the angle a is denoted
by Af and is called the tank wall area wetted by the fuel. Differences be-
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tween Af on the inside of the tank and the corresponding area subtended by
the angle a on the skin are neglected.

SKIN INSULATION TANK WALL

FUEL --

ENDS PERFECTLY VOID FILLED BY
INSULATED NITROGEN BAG

Figure AIII-1. Schematic of Cylindrical Fuel Tank

2. Nouenclature

SDefinition Units

A Area ft 2

a A convection group defined where used

C Heat capacity Btu/OR

c Specific heat Btu/lb-OR

Cp Specific heat at constant pressure Btu/lb-°R

cv Specific heat at constant volume Btu/lb-°R

D Fuel tank diameter ft

g Gravitational constant - 4.17x108 ft/hr2

h Heat transfer coefficient Btu/hr-ft 2 -°R

K Conductance Btu/hr-°R

k Thermal conductivity Btu/hr-ft-R
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Symbol Definition Units

IM Mach number dimensionless

T Absolute temperature OR

U Unit insulation conductance Btu/hr-ft 2 -°R

u Velocity ft/hr

V Volume ft 3

v Specific volume ft 3/ib

W Weight lb

W' Weight rate lb/hr

x Length or thickness ft

Angle azT

Volume coefficient of thermal expansion °R-I

Weight density lb/ft 3

Viscosity lb/ft-hr

STime hr

Subscripts

a Denotes air

aw Denotes air-to-skin

d Denotes time at end of flight or time fuel
tank is empty

f Denotes fuel

i Denotes insulation or inside when used with
heat transfer coefficient

if Denotes insulation-to-fuel

it Denotes fuel tank insulation

0 Denotes original value or outside when used
with heat transfer coefficient

os Denotes atmospheric static temperature
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Subscripts, continued

sf Denotes heat storage rate of fuel

w Denotes skin

wi Denotes skin-to-inner-face of insulation

1,2 Denotes initial and final values for a
time interval

3. Derivation of Equatio ns

Under the assumptions, a general heat balance for the case of a
tank with insulation is

qaw n qlwi = qif a qsf (AIII-I)

where it is assumed that the insulation is located inside of the aircraft
skin, on the outside of the fuel tank wall. Expressed in terms of conduct-
ances and temperature potentials this becomes

Kaw(Ta-Tw) - Kwi(TwTi) - Kif(TjiTf) u _ (Tf 2.Tfl) (AIII-2)

Equation (AII-2) is strictly true when based on mean temperature values and
mean conductance yalues for the time interval a' corresponding to a fuel
temperature rise kTf2-Tfl). As an approximation, the conductances are based
on temperatures prevailing at the beginning of a time interval. Then for
short time intervals, where the heat transfer rate does not change greatly
during the interval, the following relationship is derived from equation
(AIII-2)

(Tf2-Tfl )- K(..Jl (AIII-3)

The following equations also follow from equation (AIII-2).

1
T2- Tw2 Z,.______ (AIII-4)

Ta2 - If 1+1
Ta 2 - Tf2 - (AIII-5)

For a constant flight speed and altitude, Ta is constant so that Ta2 - Tal-
Equations (AIII-3, -4., and -5) can therefore be used in a stepwise calcula-
tion to determine the fuel temperature rise.
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Before a calculation procedure can be established, it is necessary to

define the conductances appearing in the above equations. The conductance
KM is defined as

-aw -h • f (AIII-6)

where the external heat transfer coefficient ho is defined by (Ref. AIII-2)

ho 0.028 k (1uZ) c( -""h , (A"M-7)

The value of x to be used depends on the application, since it is a charac-
teristic length depeliding on the external configuration of a body and on
the position oi the surface of the body. The value used for this study of
fuel temperatures is x - 10 ft. To facilitate calculation, it is convenient
to prepare a plot of ho versus (Ta+Tw)/2, thereby eliminating repeated eval-
uation of the physical properties of air at this average film temperature.
An example of such a plot is given in Figure AIII-2 for flight Mach numbers
of 2.5, 3.0, and 3.5 at an altitude of 40,000 ft.

The value of Af varies with time depending on the rate of fuel consump-
tion and the fuel temperature. It is assumed that the fuel tank is full at
the beginning of flight and contains Wfo pounds of fuel. The weight of fuel
at any subsequent time is therefore given by

"Wf - Wfo - Wi (AIII-8)

where r is the time elapsed since the beginning of the flight. The frac-
tional weight of fuel remaining in the tank at any time is therefore
(Wf/Wfo). The specific volume of the fuel at arq time is given by

V M VO( + P ATf) (AIIII-9)

where ATf represents the temperature rise of the fuel above the tempera-
ture on which vo is based. The actual volume of the fuel in the tank at
any time is therefore given by

V W Wfv

but since Vo a WfoVo

v Wf
- Wf- (i+ ATf) (AIII-IO)

A representative value of P for JP-3 fuel is P - 0.000565/°F. For the case
of a cylindrical tank in the horizontal position, as assumed here, a simple
relationship between the ratio (V/Vo) and (Af/Afo) can be used. Figure
AIII-3 displays this relationship for the range from a completely filled to
an empty tank. The value of Af is determined from this for use in the con-
ductance relationship.
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The conductance Kif is defined as

S- hiAf)

where hi is the heat transfer coefficient for free convection of the fuel
in the tank. A good representation of this is (Ref. AIII-l),

hi u [,1 f(ziTr )11/3 (AIII-12)

where

For convenience in calculation, the value of hi has been prepared in graphi-
cal form for an appropriate range of temperatures T. and Tf or Ti and Tf.
Ti is involved in the equation for hi only if an insalating effect is used
between the skin and the tark wall. Otherwise Ti is replaced with T. in
the equation for hi. The plot is given in Figure AiII-4. Physical proper-
ties of the fuel involved in hi are determined at the average convection
film temperature of (Tw+Tf)/2 or (Ti+Tf)/2.

The conductance Ki is simply that for heat conduction through insula-
tion, and is given by

- (kj/xi) (AITI-13)

The heat capacitance C is simply the thermal capacity of the fuel in
the storage tank at axy instant, and is given by

C - Wfc (AIII-1h)

These equations and conductance definitions cam now be coubined into
a calculation procedure for the evaluation of temperature rise. The pro-
cedure given below is for the case where insul~tien is used° The CaSa
where insulation is not used is a simpler one for which the 1. eader can
easily construct a similar procedure. Conductimces are based, on the tem-
peratures prevailing at the beginning of an irval Fulel walght and
wetted areas are taken at their average values for a time interval.

4. Calculation Procedure for Fuel Temperature Rise

1. Calculate T. for the flight Mach nunber and altitude from

Ta To 1 + I

Ta OR

(This calculation need not be repeated if flight is at constant
speed and altitude.)
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2. Choose the length of the time interval Nr.

AT - hr

3. Calculate the weight of fael remaining in the tank

Wf * Wfo-W?

for r at the middle of Ar.
Wf - lb

4. Calculate v __

,r - V- (1+P ATf)

where A Tf is based on Tfl for the interval.
(for JP-3 fuel, B a 0.oo0565) (vlv0 ) - -+

5. Find (Af/Afo) from the plot, Figure AIII-3, and calculate Af.

Af W ft 2

6. Get ho for flight speed and altitude (for example, from
Figure AIII-2).

ho Btu/h-ft 2 -- R

7. Calculate Ka -ho Af

M -* Bt_/hr-0 R

8. Calculate C = Wfc (for JP-3 fuel, get c at Tfl from Figure AI-2).

C Btu/oR

9. Calculate (Ta-TwI)
(Ta-Tw) _-OF

10. Calculate (Tf2-Tfl) a (AT/C)Kaw(Ta-Twl), then Tf2 - (Tf 2 -Tfl)+Tfl

Tf2 0 OR

11. Calculate Kwi - kj/xi evaluating ki at (Twl+Til)/2 if it is de-
sired to account for the variation of insulation thermal conduc-
tivity with temperature.

S- Btu/hr-°R

12. Get hi for Til and Tfl (for JP-3 fuel, use Figure AIII-4)

hi , Btu/br-ft 2 -•R
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13. Calculate Kif - hi Af

14. Calculate

1 (TarTf2)

1l 1+

(TaTw2) -

15. Calculate Tw2 - Ta - (Ta-Tw2)

Tw 2 OR__.

16. Calculate

1- (TarTf2)
(Ti2-'r2) - i.1

(TT)-Tf2) OF

17. Calculate Ti 2 - Tf 2 + (Ti 2 -Tf2)

T2 OR-

When this interval calculation is completed, the values of Tf2, Ti 2 ,
and Tw2 are used as Tfl, Til, and Twl in the next interval, and the entire
procedure is repeated.

RESULTS

To explore the possibilities of using fuel as a coolant, a large number
of calculations were made for both insulated and uninsulated fuel tanks.
The significant results are given here.

Figure AIII-5 shows the effect of tank diameter and flight speed on the
temperature rise of JP-3 fuel. It is assumed that the fuel is consumed at
a uniform rate, and that the tanks are emptied in 0.25 hr. The solid lines
indicate temperature rise of the fuel, and show clearly that the fuel is
heated more rapidly in a tank of smaller diameter. This results from the
greater ratio of tank surface area to weight of fuel in the smaller tank.
Since the heat is transferred through the wetted surface area of the tank,
the smaller tank gives a higher ratio of heat transferred to fuel thermal
capacity, and hence a more rapid temperature rise. The upper dashed lines
show the corresponding tank wall temperatures (also the skin temperature,
since no insulation is used). The lower dashed lines show fuel temperatures
for the fuel in a 2 ft and 6 ft diameter tank at M a 2.5. The lower stagna-
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CONFODCE4THAL
tion temperature at lower flight speed results in slower heating of the fuel.
In all of the cases of Figure AIII-5 the rapid temperature rise at the end
of the flight is due to the great increase in ratio of wetted surface to
fuel weight as the cylindrical tank approachs the empty point.

Figure AIII-6 shows the effect of tank diamter on temperature rise of
JP-3 fuel when the fuel is consumed at a rate such that the tank would be
empty at the end of a two-hour flight. The flight Mach number is 3.5, and
the altitude is 40,000 ft. It is readily seen that very high fuel tempera-
tures are reached in less than two hours, indicating that some insulation
effect would be required if the fuel were to remain serviceable to the end
of the two-hour flight. It sbould be noted that the temperature rise here
for the first 0.25 br is less than that for the 0.25-hr flight in Figure
AIII-5, because of the lower fuel consumption rate.

Figure AIII-7 is a summary plot for calculation data based on JP-3 fuel,
M - 35., Alt - 40,O00 ft, no insulation, and a fuel consumption rate corre-
sponding to a two-hr flight. For aw tank diameter, the chart can be used
to determine the fuel temperature that is reached at a particular flight
time. It is readily seen that insulation is required to achieve the longer
flight time, even where the tank is quite large. The high temperatures that
are reached in a short time without insulation not only make the fuel useless
as a coolant, but would probably interfere with its use in the power plant
as wenl.

Figure AIII-8 shows the effect of fuel consumption rate on the tempera-
ture rise of JP-3 fuel at three flight speeds and an altitude of 40,000 ft.
An uninsulated, 3 ft diameter tank is assumed. The fuel consumption rates
are such as to give an empty tank in 0.25 ht, 0.50 hr, 1.0 hr, and 2.0 hr.
The effect whereby the fuel temperature in a tank of high consumption rate
is at first below and later above that for a lower consumption rate is
readily explained. It is simply due to the change of wetted surface to
volume ratio as a cylindrical tank in the horizontal position is drained
from the full to the empty condition. In the lower portion of the figure
fuel temperatures are shown for the same range of Mach numbers, but using
insulatiok on the tank. The insulation conductance is Uit - (ki/xi) - 0.25
Btu/hr-ft'- 0R. It is seen that the insulation has a powerful effect on
limiting the fuel temperature rise, retaining it at low temperatures which
would make it very us eful as a coolant. The initial temperature of 460°R
(O0 F) could be achieved by precooling, or might be aprpraimated in an air-
launched craft. An insulation conductance of 0.25 represents approximately
a two-inch thickness of a material such as rock wool.

Figure AIII-9 shows the effect of various amounts of insulation on the
temperature rise of JP-3 fuel. The flight conditions and tank size are
given in the figure. As compared to the case of no insulation, it is seen
that relatively small thicknesses of rigid insulation would have significant
effect in limiting the fuel temperature rise. For example U n 10, would
probably represent no more than a one-quarter inch thickness of most rigid
cellular materials. Data taken from this figure are used in describing fuel
temperatures in various Sections of this report. In the calculations on
which the curves in Figures AIII-8 and -9 are based, the insulation thermal
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conductivity is assumed constant with changing temperature.
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APPENDIX IV

COMPIIATION OF GENERAL CALCULATION AIDS

The group of charts given in this Appendix is a compilation of graphical
aids to calculation. Most of the charts are used in several Sections of
this Report, and are intended to lessen the calculation labor or eliminate
physical property evaluations required for some heat transfer calculations.
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